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ABSTRACT 

We present new Keck/HIRES observations of six red giants in the globular cluster NGC 2419. 
Although the cluster is among the most distant and most luminous in the Milky Way, it was considered 
chemically ordinary until very recently. Our previous work showed that the near-infrared Ca II triplet 
line strength varied more than expected for a chemically homogeneous cluster, and that at least one 
star had unusual abundances of Mg and K. Here, we confirm that NGC 2419 harbors a population of 
stars, comprising about one third of its mass, that is depleted in Mg by a factor of 8 and enhanced 
in K by a factor of 6 with respect to the Mg-normal population. Although the majority, Mg-normal 
population appears to have a chemical abundance pattern indistinguishable from ordinary, inner halo 
globular clusters, the Mg-poor population exhibits dispersions of several elements. The abundances 
of K and Sc are strongly anti-corrclated with Mg, and some other elements (Si and Ca among others) 
are weakly anti-correlated with Mg. These abundance patterns suggest that the different populations 
of NGC 2419 sample the ejecta of diverse supernovae in addition to AGB ejecta. However, the 
abundances of Fe-peak elements except Sc show no star-to-star variation. We find no nucleosynthetic 
source that satisfactorily explains all of the abundance variations in this cluster. Because NGC 2419 
appears like no other globular cluster, we reiterate our previous suggestion that it is not a globular 
cluster at all, but rather the core of an accreted dwarf galaxy. 

Subject headings: Galaxy: globular clusters: individual (NGC 2419), Galaxy: formation. Galaxy: halo 



1. INTRODUCTION 

NGC 2419 is one of the most unusual globular clusters 
(GCs) belonging to the Milky Way (MW ). It resides 
in the MWs outer halo (jHarris et al.lll997l . 90 kpc from 
the Galactic center). It is notable not just for its distance 
but also its lumin osity. M54, th e core of the Sagittarius 
dwarf galaxy (Ibat a et al.l 119951 ). is the only GC more 
luminous than NGC 2419. 

The first Hubble Space Telescope (HST) photometry 
([Harris et al.l 119971 ) of NGC 2419 showed that the clus- 
ter is as old as the inner halo cluster M92. In other 
words, NGC 2419 is about as old as the Universe. Like 
many GCs, NGC 2419 is a "second parameter" clus- 
ter, with an exte n ded b lue horizontal branch (HB). 
Idi Criscienzo et all ()2011f ) attributed the HB morphol- 
ogy and the color dispersion at the base of the red giant 
branch (RGB) to a different helium abundance between 
the first and second generations of stars, a popu lar expla- 
nation for the second parameter in GCs (jP'An tona et al. 
[2003) . 

The distance and photometric properties of the 
cluster alone are not extremely unusual, but the 
chemical propertie s of the c luster are. Early spec- 
troscopy ( Suntzeff et al.l I1988D did not reveal any un- 
usual abundance patterns in the cluster. In par- 
ticular, the iron abundance appeared invariable from 
star to star. Much more recently, medium-resolution 
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(Keck/DEIMOS) spectroscopy by iCohen et all (|2010L 
hereafter CIO) showed that the strength of the infrared 
calcium triplet (CaT) var ies from sta r to st ar, even at 
fixed stellar luminosity. Ilbata et al.l (1201 1[ ) confirmed 
this star-to-st ar va riation with independent DEIMOS 
spectroscopy. ICIOI attributed this variation to a range 
of calcium abundanc^ (cr([Ca/H]) ~ 0.2) in the cluster. 

Later high-resolution (Keck/HIRES) spectroscopy by 
Cohen, Huang & Kirby (2011, hereafter Gil) revealed 
an even more complex abundance distribution. Six of 
seven stars appeared identical to stars in "normal" GCs, 
such as those found in the inner halo of the MW. How- 
ever, star S1131 had [K/Fe] = 1.1 (very high for a GC) 
and [Mg/Fe] — —0.5 (very low for a GC). Such a low 
value of [Mg/Fe] can be found only in th e most metal- 
rich s tars in dwarf spheroi d al galaxies ( Letarte et al.l 
l2OT0t ICohen fc Hua^lMol: IKirbv et allboilD . It is 
never found in stars with the metallicity of NGC 2419 
([Fe/H] = -2.1). Furthermore, low values of [Mg/Fe] 
in halo and dwarf galaxy stars are always accompanied 
by low abundances of other a elements, such as Si and 
Ca. Star S1131 exhibits enhanced ratios of [Si/Fe] and 
[ Ca/Fe ], typical for a normal GC star. 

IC Ill 's HIRES sample provided no compelling evidence 
for a variation in elements heavier than potassium, such 
as Fe and other iron-peak elements. Even Ca, in which 
a dispersion was detected with DEIMOS, appeared to 
be constant across the stars from HIRES data. Impor- 
tantly, the DEIMOS analysis was based on ionized Ca 
lines whereas the HIRES analysis was based on neutral 

* The standard nomenclature is adopted; the abundance of 
element X is given by = N{X)/N{H) on a scale where 

N{H) = 10^2 H atoms. Then [X/H] = logio[N(X)/N(H)] - 
logio[N(X)/N(H)]0, and similarly for [X/Fe]. 
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Ca lines. 

The HIRES sample o flCllI included only one of the Ca- 
rich stars identified bv lCld . In fact, that single star was 
S1131, the one with unusual magnesium and potassium 
abundances. The peculiarity of this star with a strong 
CaT demanded that we observe additional stars from 
the DEIMOS sample w ith la rge CaT line strengths. In 
this article, we expand iCllf s sample of HIRES spectra 
in NGC 2419, focusing in particular on the stars with 
strong CaT lines. 

2. OBSERVATIONS AND ABUNDANCE ANALYSIS 
PROCEDURES 

In an effort to overcome some of the limitations of 
and concerns arising from ou r previous work in NGC 
2419, we obtained HIRES-R ()Vogt et al.lll994[) spectra 
of an additional 6 stars in this GC during a 4 night run 
which began 2012 Jan 29. The spectrograph configu- 
ration was identical to that we used in our 2008 and 
2010 observations of NGC 2419 red giants. Most of the 
new stars were chosen to probe the Ca-rich distribution 
of the DEIMOS measurements of the Ca triplet, with 
preference given to those stars for which we had already 
obtained low signal-to- noise ratio (S/N) HIRES spectra 
that suggested, based on our measured radial velocities, 
that the stars were cluster members. These stars are 
faint (17.5 < < 17.9) for high-resolution spectroscopy, 
and the exposure times ranged from 2.5 hours for the 
brightest star to 4 hours for the faintest star. All of the 
nights were clear, and two had excellent seeing. 

The total sample of 13 stars for which we obtained rea- 
sonably good HIRES spectra is given in Table [H Fig. [1] 
shows a comparison of the location of the sample stars 
on the observed V, V — I plane using optical photometry 
from [stetson ( 200 ^ and the V , V — J plane, where J 
is from 2MASS (jSkrutskie et al.l f2006: Cu tri et al.l[200l . 
Isochrones from the grid ()Yi et al. ,20031) for an age of 
12 Gyr with [Fe/H] = -2.20 dex (sohd line) and [Fe/H] = 
-1.90 dex (dotted line), both with [a/Fe] = +0M dex, 
are indicated. We adopted the same distance and red- 
dening as was used in Cll-. In our earlier work (CIO), the 
membership of star S1673 in NGC 2419 was considered 
possible but not definite. This is because, as is seen in 
Fig [TJ this star lies to the blue of the main cluster RGB 
in a, V, V ~ I CMD. Although its Vr is consistent with 
cluster membership, we decided to be cautious and not 
consider it a confirmed member at that time. However, 
on the basis of its abundances, discussed below, we now 
consider S 1673 to be a definite member of this GC. It 
may be, as lClOl speculated, an AGB rather than a RGB 
star. 

Fig. [2] shows a histogram of Ca(CaT), the Ca abun- 
dance inferred from our initial moderate resolution study 
(jClOt ) based on the CaT line strength measured with 
DEIMOS on Keck II, with the HIRES sample indicated. 
Our HIRES sample now includes giants spanning almost 
the entire range of Ca(CaT) abundances for NGC 2419 
luminous giants. While there are a few stars in our 
DEIMOS sample with even higher Ca(CaT), they are 
not in our HIRES sample as they are all fainter than 
V = 17.7. 

The measurement of equivalent widths, whose values 
are given in Tables [2] and |3l and the abundance analyses 
were carried out in a manner identical to our previous 
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Figure 1. The V, V - I (left panel) and V, V - J (right panel) 
CMDs a re sho wn for NGC 2419 with optical photometry from 
IStetsonI 1)20051 ) and J photometry from 2MASS. The red circles 
denote stars with [Mg/Fe] < 0, while the blue circles represent 
stars with [Mg/Fe] > dex. The larger symbols denote stars 
whose DEIMOS spectra have near-IR Ca triplet lines implying 
[Ca/H ] > —1.8. Two 12 Gyr, a-enhanced isochrones from IYi et al.l 
p003l ) are shown: [Fe/H] = -2.2 (solid hne) and [Fe/H] = -1.9 
(dashed line). The smallest black points , seen onl y in the left 
panel, are the photometric sample of StetsonI l|2005l ). The some- 
what larger black points (also shown only in the left panel) are the 
Keck/DEIMOS sample of CIO. 
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Figure 2. A histogram of [Ca/H] as inferred from the near-IR 
Ca II trip let li ne strengths in the DEIMOS moderate resolution 
spectra of ICld is shown for the sample of 43 definite members of 
NGC 2419 isolated in that paper. The sample from Gil of 7 RGB 
stars in this GC with HIRES spectra is shown by the solid fill. The 
6 additional NGC 2419 stars presented here are indicated by the 
hatched areas. 
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Table 1 

Data for Red Giant Members of NGC 2419 With Keck/HIRES Spectra 



Name^ 


ya 


Teff-, log(g),Dtb 


Exp. Time 


S/N'^ 


Vr 




(mag) 


(K, dex, km s"-"-) 


(sec) 




(km s^-"-) 


New Stars 












Stet 406 


17.80 


4448, 0.95 


14400 


95 


—20.3 


04-„4- /ICO 

btet 4oo 


17.90 


A A Qci 1 no 
44oU, i.UZ 


10800 


85 


— 17.9 




1 7 Q1 






OU 


— ZO.O 


Stet 1065 


17.66 


4455, 0.88 


10800 


80 


-22.7 


Stet 1166 


17.50 


4350, 0.89 


9000 


82 


-21.3 


Stet 1673 


17.68 


4409, 0.88 


10800 


95 


-24.6 


Prom Oil 












Stet 223'* 


17.25 


4265, 0.61 


8400 


> 100 


-22.4 


Stet 810 


17.31 


4316, 0.65 


7200 


> 100 


-22.6 


Stet 973<= 


17.45 


4325, 0.74 


3200 


39 


-21.9 


Stet 1131 


17.61 


4382, 0.84 


9000 


95 


-16.8 


Stet 1209' 


17.41 


4317, 0.71 


7200 


93 


-19.0 


Stet 1305S 


17.61 


4385, 0.84 


3000 


52 


-16.8 


Stet 18141^ 


17.27 


4472, 0.62 


5400 


90 


-26.1 



^ star IDs and V magnitudes are from the onhne version of the database of lStetsonI 
1(2003). 

'° These values, adopted for the abundance analysis, are based only on the V mag 
and an appropriate isochrone. 

SNR per spectral resolution element in the continuum at 5500 A. 
d Stetson 223 = Suntzeff 1. 

Stetson 973 = Suntzeff 15. 
f Stetson 1209 = Suntzeff 16. 

s Stetson 1 305 = RH 10 (private communica tion from M. Shetrone), previously 
observed bv lShetrone. Cot^ k, SargentI 1120011) . 
^ Stetson 1814 = Suntzeff 14. 



work. ICIII desc ribed those procedures in detail. W\ for 
the 7 stars from ICIII are also listed there as a number of 
lines were added since 2011. Hyper flne structure correc- 
tions have been made following lCllL No non-LTE correc- 
tions were made because the Al abundances were calcu- 
lated not from the 3950 A resonance doublet but from the 
weak 6696, 6698 A doublet, which has no strong non-LTE 
correction (see Bauniiiller & Gchrcn 1997). The mag- 
nitudes of the expected non-LTE corrections for some 
other key elements are discussed in 52) Because these are 
rather faint metal-poor giants, we included the strong Mg 
triplet lines and sometimes the Na D lines in the analysis 
in order to get a reasonable number of lines for these key 
elements. We provide two measurements of abundance 
for these two elements: one with and one without these 
very strong lines. 

We made two i mportant updates to our procedures 
described in ICllL We are ii ow using the 2010 ver- 
sion of MOOG (Snede^ HITSI) updated by J. Sobeck 
(jSobeck et al. 2011). The new version contains a better 
treatment of coherent, isotropic scattering, which in the 
2002 version is treated as pure absorption. This could be 
important for our NGC 2419 sample primarily because 
these are cool luminous RGB stars. But since [Fe/H] for 
NGC 2419 is about —2.1 dex, the importance of Rayleigh 
scattering as an opacity source is not as large as it would 
be for even more metal-poor stars. Furthermore, we did 
not consider lines blueward of 4100 A because the spec- 
tral S/N is too low at those wavelengths. We focused 
on the part of the spectra A > 4500 A, where S/N is 
higher, unless an element has no or very few lines be- 
yond 4500 A. Thus, for our sample, the use of the 2010 
version of MOOG does not introduce noticeable changes 



compared to the 2002 version. 

The second major change change we made involves the 
determination of stellar parameters. Fig. [T] shows the V ^ 
V - I &nAV,V - J CMDs for our HIRES sample in 
NGC 2419, with two metal-poor, g-e nhanced, 12 Gyr 
Yonsei-Yale isochrones (jYi et al.l 120031 ) superposed. We 
set the stellar parameters T^s and log (5) by assuming 
the stars lie on an isochrone halfway between the two 
shown in Fig. [TJ We did not use the colors at all, just 
the V magnitude, to set Tos and \og{g). When looking 
for small abundance variations, the choice of stellar pa- 
rameters is critical, as discussed by IClll Rather than 
relying on colors, which for such faint stars have non- 
trivial uncertainties, particularly those from 2MASS, we 
decided to force the stars to lie o n an isochrone w ith just 
the V measurements taken from IStetsonl (j2005D . whose 
uncertainties are quite small (<0.015 mag), over a total 
range spanned by our sample of 17.25 to 17.91 mag. The 
range in — / spanned by our sample is only 0.32 mag, 
less than half of that of V and with somewhat larger 
uncertainties. The range in — J is 0.47 mag, but the 
uncertainties are much larger due to the limited depth of 
2MASS. If the stars really do lie along a single isochrone, 
as would be the case if NGC 2419 is actually a chemically 
homogeneous old GC, using just V will give a very accu- 
rate relative Tog determination for each star. Even if a 
slightly inappropriate isochrone is used, the relative dif- 
ferences in Toff for members along the upper RGB of the 
stellar population will be highly accurate. Fig. [3] shows 
the dependence of [Fe I/H], [Fe II/H] and the difference 
of the two as a function of V (our proxy for Tcff), as well 
as the same for Ti. The behavior of these key diagnos- 
tics serves to demonstrate that our detailed abundance 
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Figure 3. Diagnostic abundance ratios for two stages of ionization 
of Fe and of Ti are shown as a function of V magnitude for our 
sample of 13 luminous RGB stars in NGC 2419. Red crosses and 
blue points denote Mg-poor and Mg-rich giants respectively. 

analyses are valid. 

3. THE CHEMICAL INVENTORY OF THE 
NGC 2419 GIANTS 

Our detailed abundance analysis for 13 luminous red 
giants in NGC 2419 yielded the results given in Tables!?] 
andO The Mg abundances are listed with the two Mg 
triplet lines both included and excluded to illustrate that 
the result is identical to within the errors even when 
the strong Mg triplet lines ar e inc luded. The abundance 
analyses for the 7 stars from ICIII were redone, resulting 
only in small differences. The present results supersede 
those of Cll. Tables of uncertainties for the abs olute 
abundances and the abundance ratios were given in lCllL 

One star, S1673, appears to be significantly bluer than 
the RGB of NGC 2419 in the V,V -I CMD, but less 
discrepant in the V, V — J CMD. It may be an AGB star. 
We carried out an abundance analysis for this star based 
solely on its V magnitude (i.e., assuming that it lies on 
the normal RGB) and also one assuming that it is 100 K 
hotter than the RGB and with a slightly lower log(g) 
corresponding to a mass of 0.6 Mq instead of 0.8 Mq 
(i.e., on the AGB). Both sets of results are presented in 
Table m 



Our detailed abundance analysis shows that NGC 2419 
contains two groups of stars. The first, containing 8 of 
the 13 stars, represents a normal a-rich population typ- 
ical of GC (and inner halo) stars. This is the popula- 
tion that dominated the sample of ICIIL where it was 
shown that they are essentially identical in chemical in- 
ventory to the stars in the much nearer, inner halo cluster 
NGC 7099 with similar metallicity. 

However, the second population found here is very 
strange. It shows extreme depletions of Mg, with 
[Mg/Fe] ranging widely from —0.2 to —0.7 dex, accom- 
panied by large enhancements in K of ^0.7 dex above 
those of the "normal" NGC 2419 giants. The Mg-poor 
group contains the same 5 stars shown in Fig. [2] to have 
stronger near-IR Ca triplet lines from the study of ICIOI 
The fraction of stars in the high tail of the Ca(CaT) 
distribution (Ca/H] > -1.85) from the larger DEIMOS 
sample of CIO is 34%; the fraction of peculiar Mg-poor 
stars in the smaller HIRES sample is comparable (38%). 

Table [6] gives the mean abundances for each of the two 
groups. A number of smaller anomalies are apparent 
from this table, and are also visible in Fig 21 We see that 
the Mg-poor group of luminous RGB stars in NGC 2419 
has slightly higher [Si/Fe], [Sc/Fe], and [Ca/Fe] than does 
the group of normal giants. However the majority of 
the elements probed have identical abundances with rel- 
atively small dispersions in the two groups of NGC 2419 
stars. This specifically includes Fe. 

Figs. [5] to [9] show sums of the spectra of the Mg-poor 
RGB stars in NGC 2419 and those of the Mg-normal 
stars to illustrate the contrast between the two groups. 
The Mg-normal star S223, the brightest and reddest clus- 
ter member, has been omitted from all the sums. S223 
has broader metal lines and extremely strong Ha emis- 
sion. Note that the mean Toff of the Mg-poor stars is 
^100 K hotter than that of the Mg-normal stars (see 
Fig. E]). The specific features shown are (5) a set of Fe I 
lines, with one Fe II line, to illustrate that there is no ev- 
idence of a variation in Fe abundance, (6) the region of 
the 5528 A Mg I line which includes a Sc II line, (7) the 
Na doublet at 5685 A, to show that the Na abundance 
is low in both groups, (8) an even weaker Na doublet 
near 6160 A, and (9) a set of Ca I lines near 6165 A. 
The last of these figures shows that the Ca I lines in the 
Mg-poor group are only slightly stronger than those in 
the Mg-normal group of NGC 2419 giants. If the differ- 
ences in line strength were due to temperature alone, the 
lines would be weaker. Hence, there is a difference in the 
average Ca abundance between the two groups. 

The extremely low [Mg/Fe] abundances we have deter- 
mined for the Mg-poor group of 5 giants in NGC 2419 
are very unusual. Such low values of [Mg/Fe] can 
be found only in the most metal-rich stars in dwarf 
spheroidal galaxies (Let arte et al.|[20lol : iCohen fc Huand 
[2010; Kirby et al. 2011). It is never found in stars with 
the metallicity of NGC 2419 ([Fe/H] = -2.1). For ex- 
ample, the 122 stars of the OZ project have a median 
[Fe/H] of -2.9 dex, and 10% of the sample has [Fe/H] 
> —2.3 dex. The lowest value of [Mg/Fe] in this sample 
of Galactic halo field EMP candidates is —0.23 dex, with 
normal [K/Fe]. Note that only three of 122 stars in their 
sample have [Mg/Fe] < (Cohen et al., in preparation). 
Furthermore, low values of [Mg/Fe] in halo and dwarf 
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Table 6 

Mean Absolute Abundances for the Two Groups of Red Giant Members of 
NGC 2419 With Keck/HIRES Spectra 



Mg-rich'' Mg-poor'' 



Species 








N{stars) 








N (stars) 


C(CH) 


5.75 


0, 


,19 


7 


5.71 


0, 


,22 


5 


Nal 


4.31 


0, 


,29 


8 


4.35 


0, 


,13 


5 


Mgl 
MgF 


5.78 


0, 


,14 


8 


4.92 


0, 


,30 


5 


5.74 


0, 


,14 


5 


4.80 


0, 


,39 


3 


AU 


4.94 


0, 


,25 


4 


4.93 


0, 


,11 


4d 


Sil 


5.81 


0, 


,07 


6 


6.05 


0, 


,10 


5 


KI 


3.46 


0, 


,16 


8 


4.26 


0, 


,13 


5 


Gal'' 


4.40 


0, 


,09 


8 


4.58 


0, 


,03 


5 


CaT* 


4.39 


0. 


,03 


8 


4.66 


0, 


,04 


5 


Sell 


1.10 


0. 


,04 


8 


1.55 


0. 


,16 


5 


Til 


2.95 


0, 


,13 


8 


2.97 


0, 


,11 


5 


Till 


3.01 


0, 


,14 


8 


3.12 


0, 


,12 


5 


TilF 


3.05 


0, 


,10 


8 


3.21 


0, 


,12 


5 


VI 


1.91 


0, 


,15 


8 


2.03 


0, 


,16 


5 


CrI 


3.21 


0, 


,14 


8 


3.29 


0, 


,11 


5 


Mnl 


2.91 


0, 


,11 


8 


2.94 


0, 


,12 


5 


Fel 


5.35 


0, 


,10 


8 


5.37 


0, 


,10 


5 


Fell 


5.29 


0, 


,06 


8 


5.40 


0, 


,10 


5 


Col 


2.94 


0, 


,18 


6 


3.00 


0, 


,15 


5 


Nil 


4.12 


0, 


,13 


8 


4.12 


0, 


,09 


5 


Cul 


1.49 


0, 


,14 


8 


1.53 


0, 


,13 


5 


Znl 


2.33 


0, 


,07 


5 


2.47 


0, 


,09 


5 


YII 


-0.31 


0, 


,06 


8 


-0.23 


0, 


,06 


5 


Ball 


-0.12 


0, 


,12 


8 


-0.09 


0, 


,15 


5 


Cell 


-0.90 


0, 


,15 


5 


-0.84 


0, 


,12 


5 


Ndll 


-0.64 


0, 


,17 


yd 


-0.59 


0, 


,14 


4 


EuII 


-1.44 


0, 


,15 


6d 


-1.32 


0, 


,34 


5 



8 RGB stars in NGC 2419 with [Mg/Fe] > dex. 
^ 5 RGB stars in NGC 2419 with [Mg/Fe] < dex. S1673 is taken as a RGB star; 
the changes in the means are very small if it is assumed to be on the AGB. 

The two strong Mg triplet lines are excluded. 

One upper limit is omitted. 

Based on Ca I lines in the HIRES spectra, 
f Based on the 8542 and 8662 A lines in Keck/DEIMOS spectra, see CIO. 
s The 4911 A line of Till is excluded. 



galaxy stars are always accompanied by low abundances 
of other a elements, such as Si and Ca, where they sig- 
nify the increasing role of (delayed) contributions from 
Type la supernovae, which are very effective at produc- 
ing Fe-peak elements, to the chemical inventory. The 
situation in NGC 2419 is completely different, especially 
because Fe and other Fe-peak elements show no variation 
in NGC 2419. 

3.1. Consequences of the Large Range in Mg 

Ignoring H and He, the most abundant elements in a 
scaled solar mixture are C, N, O, Ne, Mg, Si, S, and Fe. 
Of these, C, N, O, Ne, and S all have high first ioniza- 
tion potentials, x > 10 eV. Thus, in the atmospheres 
of cool stars, Mg, Si, and Fe are the dominant sources 
of free electrons, and of these three, Mg has the low- 
est first ionization potential, and hence may be the most 
important. We have established that there is a substan- 
tial population of luminous giants in NGC 2419 with a 
very large deficiency of Mg. Given the potential impor- 
tance of Mg to the structure of the stellar atmosphere, we 
must consider the potential implications of such a large 
deficiency. We investigated the structure of the model 
atmospheres, in part, i n response to the suggestion by 
iMucciarelli et al] ()2012l ) that the induced change in elec- 
tron pressure, Pg, affects the CaT enough to produce the 



observed dispersion in line strengths in NGC 2419. 

If the Mg abundance were to be increased from some 
initial level, one would expect Pg to rise, and to con- 
tinue rising as the Mg abundance is increased further. 
However, decreasing the Mg abundance from some ini- 
tial level does not produce the same behavior, as once Mg 
is sufficiently depleted, it will no longer be an effective 
electron donor compared to other sources of electrons, 
and any additional decrease in Pe will occur much more 
slowly. Thus, whatever the effect may be of the strong 
Mg depletion seen in the Mg-poor group of RGB stars in 
NGC 2419, we should not expect a very large range in 
behavior arising from the large range in the depletion of 
Mg within the Mg-poor population in NGC 2419. 

One potential effect of a major change in the Mg abun- 
dance is that the position of the RGB in the CMD may 
shift depending on the Mg abundance to some extent. 
iVandenBerg et all ()2012[ ) recently evaluated the effects of 
altering the abundance of a single element drawn from a 
large list of suitable elements, including Mg. They found 
that increasing Mg by 0.4 dex at [M/H] = —1.0 sub- 
stantially increases the opacity in the atmosphere and 
substantially shifts the RGB locus redder. However, at 
[M/H] = —2, the shift becomes much smaller, as can be 
seen by comparing their Fig. 7 to their Fig. 10 (the re- 
sulting opacity change) and their Fig. 15 to their Fig. 16 
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Figure 4. Abundance ratios for various species with respect to 
Fc, using Fe I or Fe II as appropriate, are shown as a function 
of [Mg/Fe] for our sample of 13 giants in NGC 2419 with HIRES 
spectra. Red crosses and blue points denote Mg-poor and Mg-rich 
giants respectively. 



(the RGB positions in a CMD for these two values of 
[M/H] and for increases in Mg, Si, or Ca). In NGC 2419 
where [M/H] - -2, the [Mg/Fe] value is deficient well 
below the normal a-enhanced value to one with [Mg/Fe] 
between —0.9 and —0.2 dex . It is clear from the calcu- 
lations of IVandenBerg et al.l (|2012D that the position of 
the RGB will not be perceptibly altered in this situation. 

We initially expect ed, based on the s i ibstan tial shifts 
in the RGB found by IVandenBerg et alj ()2012D at higher 
metallicity, that the Mg-rich and Mg-poor populations 
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Figure 5. Sums of sections of spectra for the Mg-normal (blue 
points) and Mg-poor (red crosses) NGC 2419 giants centered on 
a group of Fe I lines and a Fe II line at 5197 A. The two are 
indistinguishable. The sum for the Mg-normal stars omits S223, 
the most luminous and reddest NGC 2419 giant. 



1.2 



0.2 






Mg/Fe 


<0 




Mg/Fe 


>0 



5526 5527 5528 

rest wavelength (A) 



5529 



Figure 6. Sums of sections of spectra for the Mg-normal (blue 
points) and Mg-poor (red crosses) NGC 2419 giants centered on the 
Mg I line at 5528 A and the Sc II line at 5526 A. The extremely 
large difference in Mg abundance, as well as the somewhat smaller 
difference in Sc abundance, between the two groups is apparent. 
The sum for the Mg-normal stars omits S223, the most luminous 
and reddest NGC 2419 giant. 

in NGC 2419 would be separated in the RGB with the 
Mg-poor population lying somewhat to the blue of the 
main RGB. However, CMDs using both V — I and V — J 
(see Fig. [T]) show this is not the case. Understanding 
that no such shift is expected to happen for the specific 
case of NGC 2419 relieves our initial concern. It would 
maintain the validity of our normal methods of stellar 
parameter determinations, especially Toff, which rely on 
broad band colors. (However, we do not use colors here, 
instead relying on V alone.) It also gives specific guid- 
ance for the special case of the star S1673, which is the 
most Mg-depleted star in our sample. It lies somewhat 
to the blue in the V,V-I CMD, but less so in V,V-J. 
Its location bluew ard of th e RGB is either an unexpect- 
edly large error in lStetsoiil 's ()2005D visual photometry or 
is a reinforcement of our earlier suggestion that S1673 is 
an AGB star. 

A second issue to consider is the effect of any decrease 
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Figure 7. Sums of sections of spectra for tlie Mg-normal (red 
crosses) and Mg-poor (blue points) NGC 2419 giants centered on 
tlie Na I doublet at 5685 A. Note that ttie Na I lines are only 
slightly stronger in the Mg-poor stars, while the adjacent Sc II and 
Si I lines are significantly stronger in those stars. The sum for 
the Mg-normal stars omits S223, the most luminous and reddest 
NGC 2419 giant. 
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Figure 8. Sums of sections of spectra for the Mg-normal (red 
crosses) and Mg-poor (blue points) NGC 2419 giants centered on 
the Na I doublet at 6160 A, which is so weak that it is barely de- 
tectable even in summed spectra. The adjacent Ca I and Fe I lines 
are almost identical between the Mg-poor stars and Mg-normal 
stars. The sum for the Mg-normal stars omits 8223, the most 
luminous and reddest NGC 2419 giant. 



in Pe on the formation of spectral lines. Because these 
are luminous cool giants, the temperatures are low, and 
most elements are mostly neutral. As a result, any de- 
crease in Pe from a depletion of Mg will have little effect 
on the neutral lines, but the number density of the singly 
ionized species will rise. Is this the reason that the near- 
IR triplet, which is a line of Ca II, is enhanced in the 
Mg-poor population? The key question is whether Pe 
is affected by the decrease in Mg abundance within the 
stellar atmosphere, or whether the decrease in Pg at the 
metallicity of NGC 2419 is so small that there is no ob- 
vious change. 

To this end, we calculated some model atmospheres 
at the stellar parameters characteristic of our NGC 2419 
sample with Mg enhanced and depleted by 0.7 dex in 
each case. These tailored model atmospheres use as 
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Figure 9. Sums of sections of spectra for the Mg-normal (red 
crosses) and Mg-poor (blue points) NGC 2419 giants covering sev- 
eral Ca I lines near 6165 A. The Ca I lines are almost identical, 
with the lines of the Mg-poor group being slightly deeper. The 
sum for the Mg-normal stars omits S223, the most luminous and 
reddest NGC 2419 giant. 

rrf,=4250 K, log g=0.5, [Fe/H]=-2.1 7^,^4500 K, log ^=1.0, [Fe/H]=-2.1 




Figure 10. T{t) and ne(T) are shown for stellar model atmo- 
spheres from Castelli & Kurucz (2004) that represent the Mg- 
normal population in NGC 2419 together with tailored models for 
Mg enhanced or depleted by a factor of 5. Note that Ue is identical 
for the Mg-normal and Mg-depleted models deeper than t ~ 10~^, 
while the very highly Mg-enhanced models with [Mg/Fe] ~ -f 1.1 do 
show the expected trend of an increase in Ue at all optical depths 
deeper than t ~ 10~^. 



a ba se the a-enhanced models from iCastelli fc Kuruc3 
(|2004) . which have scaled solar abundances but with 
[a/Fe] = -1-0.4, where all elements with even atomic num- 
ber from O through Ti are considered a-elements. From 
this base composition the Mg abundance is perturbed up 
or down by a factor of 5 (0.7 dex) to construct new model 
stellar atmospheres. 

Fig. [To] shows He and T a s a function of r f or the 
base model atmospheres from ICastelli fc Kuruczl (|2004[ ) 



8 



Cohen & Kirby 




-2 -1.8 -1.6 

[Ca/H](HIRES) 

Figure 11. A comparison of the Ca abundance derived here from 
hnes of Ca I for our sample of 13 RGB stars in NGC 2419 with 
Keck/HIRES spectra compared to that deduced by CIO from the 
infrared Ca triplet of Ca II. A line indicating equality is shown. A 
typical error bar is given in the lower right corner. Red and blue 
points denote Mg-poor and Mg-rich giants respectively. 



(with [Mg/Fe] = +0.4), and for those with Mg further 
enhanced or depleted by a factor of 5 for two sets of 
stellar parameters, both with [M/H] = —2. The highly 
Mg-enhanced model (with [Mg/Fe] = +1.1) shows the 
expected behavior: a strong enhancement of Uf. at all 
depths with r > 10"'' compared to the base model. 
However, the Mg-depleted model closely follows the base 
model, implying that with such a large depletion of 
Mg, and given the low overall abundance of this GC of 
—2 dex, Mg is no longer an important source of free elec- 
trons. We might have expect ed this from t he de tailed 
isochrone calculations of iVandenBerg et al.l ()2012h . but 
it is gratifying that this is verified by our stellar model 
atmosphere calculations. 

This agreement for r > lO^'' suggests that our de- 
tailed abundance analyses which have b een carried out 
using the base Castclli & Kuruc3 (120041 ) models will be 
valid for both the Mg-normal and the Mg-poor popula- 
tions in NGC 2419, with the possible exception of lines 
formed higher in the atmosphere than r = lO^"'. None of 
the lines included in the detailed abundance analysis are 
strong enough for this to be the case. The only relevant 
spectral features that may be strong enough to be formed 
at so near the surface are the cores of the near-IR t riplet 
of C a II which were used in our DEIMOS analysis (fClOf ) 
to suggest the possibility of a variation in the Ca abun- 
dance within NGC 2419. We note that any change in 
does not affect the pressure broadening for lines strong 
enough to show damping wings as it is dominated by 
interactions with neutral H atoms (van der Waals broad- 
ening) . It is the possible effect on the ionization balance 
for Ca via change in Pe that is of conc ern. 

How ever, we reject the suggestion of iMucciarelli et aLl 
(|201^ that this is an important issue for NGC 2419 



based on the good agreement between the abundance 
of neutral Ca lines presented here vs that from the near- 
IR triplet of Ca II presented by CIO (see Fig. [TT]), as 
well as from the evidence regarding the behavior of tai- 
lored model atmospheres as the Mg abundance is varied 
shown in Fig. [101 The prediction that there is no shift 
in the ionization equilibrium for the case of interest here 
means that achieving ionization equilibrium with the set 
of lines from the Keck/HIRES spectra used here is an 
important constraint that can be used to validate our 
detailed atmosphere abundance analyses. If NGC 2419 
were more metal-rich by a factor of 4 or more, or Mg in 
the bulk of its population was more enhanced than we 
have established it to be, the consequences of differing 
Mg abundance between the two populations in this GC 
on Pg would become an important issue. 

Although the Mg-poor stars in NGC 2419 also show 
a strong enhancement of potassium, K is less abundant 
than Mg in the solar mixture by a factor of ~250, and so 
its enhancement by a factor of less than 10 in these stars 
will not produce any significant effect on the structure of 
the stellar atmosphere. 

4. IS THERE A SPREAD IN ABUNDANCES 
WITHIN NGC 2419? 

We have established that there are two groups of RGB 
stars in NGC 2419: those that appear like normal GC 
RGB stars with [Mg/Fe] ~ +0.3 and a second group 
with extremely low Mg abundances (the Mg-poor group 
of 5 stars, with [Mg/Fe] ranging from —0.2 to —0.9 dex). 
Furthermore, the Mg-poor stars are those that have high 
Ca(CaT) from our Keck/DEIMOS study (fClOf ). There is 
an anti-correlation with the K abundance such that the 
Mg-normal giants have [K/Fe] ~ +0.4, a value consistent 
with that of othe r GCs an d metal-poor halo stars (see, 
e.g., iCavrel et all [2051 or iCohen et al.l [200l in which 
there are no non-LTE corrections), while the Mg-poor 
giants have [K/Fe] ^ +1.1, a factor of 5 higher than 
the Mg-normal stars. The last element with detectable 
variations is Sc. As shown in Table |6] and in Fig.[5l there 
is no credible evidence for variation of Ti or any heavier 
Fe-peak element, including Fe itself. 

4.1. Mg and K 

Are the very large abundance variations seen among 
the NGC 2419 luminous RGB stars for Mg and K real? 
First, we discuss the case of Mg. There are three to five 
detected Mg I lines per star. The range in Mg abun- 
dance among the giants in our sample in NGC 2419 
exceeds a factor of 10. There is no way that this can 
arise from a problem in the abundance analysis proce- 
dure. The non-LTE corr ections for Mg I lines are small. 
lAndrievskv et all ()2010( ) found that the typical correc- 
tion for metal-poor giants is about +0.2 dex and not 
particularly sensitive to atmospheric parameters. Previ- 
ous non-LT E computations reached similar results for 
disk stars (jMishenina et al.l l2004f ) and for a range of 
stellar types and metalli cities, down to [M/H] — —2 
(jShimanskava et all 120001 ). All three of these studies 
used many of the same Mg I transitions that we used in 
our abundance analysis. We conclude that the variations 
in Mg abundance between the Mg-normal and Mg-poor 
stars must be real. 
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The situation with K is less clear. The variation of 
e(K) in NGC 2419 (spanning a range of 1.4 dex) is large 
enough so that any inaccuracies caused by the stellar pa- 
rameters or the analysis code are too small to produce 
the observed spread. However, the only lines of K that 
can be observed at optical wavelengths are the resonance 
doublet at 7665 and 7699 A. Because the former is em- 
bedded deeply within a very strong terrestrial absorption 
band of O2, it is practical to measure only the 7699 A 
line. Given that this is a fairly strong resonance line, 
non-LTE corrections need to be considered. 

Non-LTE corrections for the 7699 A line of 
K I have been calculated by several groups (e.g., 
Ivanova fc Shimanskiil [2OOOI : iTakeda et afl [200I 
Andrievskv et al.ll20100 . The non-LTE corrections are 
negative, and range from —0.1 to —0.9 dex (see Fig. 6 of 
llvanova &: Shimanskiil |2000|) . They vary strongly with 
Tcfi and with metallicity. llvanova fc Shimanskiil (|2000[ ) 
wrote that "the non-LTE corrections can vary strongly 
as functions of the model atmosphere parameters, which 
can sometimes be a source of substantial errors, even 
when comparing potassium abundances for stars of 
very similar type." It may be possible, with some 
contortions, to reproduce the behavior of K between 
the Mg-normal and Mg-poor stars in NGC 2419 with 
non-LTE corrections alone, but it does not seem likely. 

Although the surveys of GC and halo field stars car- 
ried out prior to 2004, including the extensive work of 
the Lick- Texas group (e.g., Kraft 19M) a-nd of Cohe n 
and her collaborators (e.g., ICohen fc Melended I2005D . 
did not include the K I lines due to limitations on spec- 
tral coverage, more recent work has found a small number 
of other metal-poor Galactic giants that show the very 
high K abundances of the Mg-poor giants in NGC 2419. 
ITakeda et al.l (|2010[ ) found two such stars in a survey of 
15 RGB stars in three GCs. These two stars stick out 
in the same way as the K of the Mg-poor stars stick out 
in NGC 2419. One of these stars, M13 III-73, which has 
a [K/Fe] abundance 0.6 dex higher than th e rest of the 
M13 sample, has been analyze d in detail bv lKraft et al.l 
(11992) and Pilachowski et al.l {19960 They find that 
[Mg/ Fe] = -1-0.25, a norm al value for an a-enhanced GC 
star. ICavrel et al.l (I200I found CS 30325-094, an EMP 
giant with [Fe/H] = -3.3, to have [K/Fe] = -1-0.72, with 
normal a-enhancement, and [Mg/Fe] and [Ca/Fe] both 
at -1-0.38 dex. (Note for future reference that [Sc/Fe] in 
this star is rather high at -fO.33 dex.) 

In summary, there are a few stars with [K/Fe] similar 
to those of the Mg-poor giants in NGC 2419, but they are 
not Mg-poor, in general. This suggests that the process 
generating K is not always tied to that producing the 
Mg-poor anomaly. 

ITakeda et all (|2010f ) suggested that some anomalously 
strong K resonance lines are caused by exceptional cases 
of strong peculiar velocity fields in the upper layers of 
the atmosphere and do not refiect the true K abundance 
of the star. To explore this possibility in our NGC 2419 
sample, we measured the radial velocity of the K I 7699 A 
line and compared it to that measured from other lines. 
We find that these agree for all 13 stars in our sample 

^ We are trying to obtain a better HIRES spectrum of M13 HI- 
TS; it should be in hand shortly. 
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Figure 12. The sum of Wx of emission in the blue and red wings 
of Ha as a function of V for our sample of luminous giants in 
NGC 2419. The red crosses indicate the Mg-poor stars, and the 
blue points represent the Mg-normal stars. 

to within 0.5 km s^^ for all the stars except one, where 
the difference is 0.8 km s^^. Furthermore, we used the 
Ha emission as a m easure of chrq mospheric activity and 
possible mass loss. iCohenI (jl976[) discovered that weak 
Ha emission is common in the brightest red giants in 
GCs. She interpreted the emission as mass loss from the 
bloated atmospheres of the giants. However, the implied 
mass loss rate was large. IDupree. Hartmann fc Avrettl 
(|1984f ) later found from models of the atmospheres of 
red giants that static chromospheres can explain both 
the emission and the blueshift of Ha in bright, red giants. 
Wx of the sum of the blue and red emission wings in Ha 
for luminous RGB stars in NGC 2419 arc shown as a 
function of V (our proxy for Teff) in Fig. 1121 Some of 
the sample stars show weak emission, but two stand out. 
The strongest Ha emission, which is extremely strong, is 
shown by S223, which is the most luminous and reddest 
RGB star in NGC 2419. It has obvious strong emission 
in both the red and blue wings of Ha and H/3 and also in 
the blue wings of H7 and US, as well as having broader 
metal lines than the other sample giants. The other case 
of strong emission is S1673, the star suspected to be on 
the AGB. Its emission is much weaker than S223 (see 
Fig. in]) but stronger than the other NGC 2419 giants 
in our sample. The Mg-poor stars behave no differently 
from the Mg-normal RGB stars in NGC 2419 in terms 
of their Ha emission. The mean radial velocity of Ha 
in the 5 Mg-poor stars differs from that of the metallic 
lines by only —0.3 km s""'^; the same value for the 8 Mg- 
normal stars in NGC 2419 is —0.6 km s~^. The lithium 
line at 6707 A cannot be detected in the summed spectra 
of either group of NGC 2419 giants. We therefore find 
untenable the suggestion that the high K seen in the Mg- 
poor giants in NGC 2419 arises from velocity fields in the 
outer layers of the stars. Furthermore, at the metallicity 
of NGC 2419, even for the Mg-poor, K-strong stars, the 
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7699 A line of K is not very strong, and most of it is not 
formed extremely high in the stellar atmosphere. 

4.2. Si, Ca, and Sc 

We now turn to elements which appear to show smaller 
variations within the stellar population of NGC 2419. 
According to Table [S] these are Si, Ca, and Sc. (The 
neutron capture elements may show a weakly significant 
dispersion, and we discuss them below.) Since there is 
the most information about Ca, we discuss it first. 

Th e existence of Ca variations was first suggested by 
ICIOI based on their analysis of the strengths of the 8542 
and 8662 A lines (the two stronger lines of the CaT) 
from moderate resolution Keck/DEIMOS spectra of a 
large sample of stars. The key issue is whether this 
spread is caused by a real star-to-star abundance vari- 
ation, or whether, since these features arise from singly 
ionized Ca, it is a consequence of a decrease in Pe due to 
the very low Mg abundances in the Mg-poor cluster gi- 
ants. The present analysis (see Table[6]) which is based on 
much higher resolution spectra from which typically 15 
Ca I lines can be m easured, also suggests a spread in Ca. 
Furthermore, ICIOI also presen ted the resu l ts of s pectral 
syntheses using the method of IKirbv et all (|2010l ) on the 
DEIMOS spectra, which specifically included Ca I lines 
in the appropriate wavelength region but excluded the 
CaT lines due to uncertainties in their line formation. 
Fig. [TT] compares the Ca abundance derived here from 
Ca I fea tures in our Keck/HIRES spectra with those de- 
rived bv lClOl from the infrared triplet lines of Ca II. The 
agreement is quite satisfactory; both show a small spread 
of ~0.2 dex in Ca abundance with the Mg-poor popula- 
tion having a higher Ca abundance than the Mg-normal 
population in NGC 2419. 

Vari ations in Ca abundanc e within a GC are quite un- 
usual. ICarretta et al.l ()2010( ) placed very tight limits on 
any variation in [Ca/H] of not more than 0.03 dex in a 
sample of 17 GCs. The only previously known GCs that 
show such variations are those suspected of being rem- 
nants of formerly accreted dwarf galaxies, such as w Cen. 
From both spectroscopy and photometry, uj Cen has been 
known for more than 30 years to have a wide intrinsic 
range in [Ca/H], [Fe/H], and many other elements, ex- 
tending over a range of ~1.3 dex with multiple peaks in 
the metallicity distribution ()Norris "eFall [19961)! Other 
GCs with spreads in [Fc/H] include M22 (|Marino et all 
l20Tl[ ) and NGC 1851 (Carrctta et al. 20n|). 

One of the unresolved puzzles of IClOl was the contrast 
between the constancy of [Fe/H] within the DEIMOS 
sample and the spread seen in Ca based on the strength of 
the near-IR triplet of Ca II. The present HIRES analysis 
confirms this surprising result, namely that there is no 
detectable spread in [Fe/H], yet there is a small one in 
[Ca/H] in NGC 2419. Those "globular clusters" such as 
oj Cen which do show variations in [Ca/H] within their 
stellar populations also show comparably large variations 
in [Fe/H]. The absence of a spread in Fe makes NGC 2419 
unique in the details of its chemical inventory. 

We considered the range of variation in Ca(CaT) as 
compared to the HIRES Ca I result. The means for 
[Ca/H] of the Mg-poor and the Mg-normal stars inferred 
from their HIRES spectra differ by 0.18 dex (see TablelB]) 
while the difference for the same 13 stars for Ca(CaT) 
from our DEIMOS spectra (see Fig. [TT|) is somewhat 



larger, 0.27 dex. Nonetheless, the two independent values 
for the difference in Ca abundance between the Mg-poor 
and Mg-normal stars in NGC 2419 agree within the un- 
certainties. Furthermore, the Mg-poor and Mg-normal 
groups both show internal dispersions in Ca abundance 
that are considerably smaller than the difference between 
them. This applies to both the HIRES^sample of 13 stars 
and the larger DEIMOS sample oflClOi 

Non-LTE corrections for Ca lines h ave been calculate d 
by several groups, most recently bv ISpite et al.l (j2012D . 
At the metallicity of NGC 2419 they are essentially zero 
and hence negligible for the subordinate Ca I lines, but 
that is not the case for the 4226 A resonance line. Since 
the S/N at 4226 A in our spectra is poor, we do not use 
the resonance line anyway. As a result, non-LTE effects 
are not an issue for the set of Ca I lines that we used for 
our present high-resolution study of luminous RGB stars 
in NGC 2419. 

We therefore conclude that there is a real, but small, 
variation in Ca abundance between the Mg-poor and Mg- 
normal luminous giants in NGC 2419. The Mg-poor stars 
have a higher [Ca/H] abundance by ^0.2 dex. 

[Si/Fe] also shows a low amplitude anti-correlation 
with [Mg/Fe] such that the Mg-poor stars have values 
~0.2 dex higher than the Mg-normal stars in NGC 2419. 
This can be seen in Fig. [71 

The mean [Sc/Fe] we derive from our HIRES spectra 
of stars in NGC 2419 is 0.45 dex higher in the Mg-poor 
stars than in the Mg-poor stars. This difference is easily 
seen in the composite summed spectra of the Mg-poor 
and Mg-normal giants shown in Fig. [HI and in Fig [7| as 
well as in the plot of [Sc/Fe] vs. [Mg/H] shown in Fig. [H 
We assert that the Sc abundance is noticeably different 
in the mean between the Mg-poor and Mg-normal groups 
of giants. 

We note again that the Fe abundance is constant across 
both Mg-poor and Mg-normal giants in NGC 2419 to 
within 0.1 dex , as is shown in Table [Bl and in Fig. [5j 
ICarretta et al.l (|2009 b') established strong upper limits on 
any star-to-star variation in [Fe/H] in a large sample of 
Galactic GCs. Only those GCs that are widely believed 
to be the remnants of accreted dwarf galaxies show star- 
to-star variations in [Fe/H]. 

4.3. The Neutron Capture Elements 

Five of the heavy neutron capture elements (Y, Ba, 
Ce, Nd, and Eu) are detected in 10 or more of the 13 
RGB stars in our HIRES sample for the GC NGC 2419, 
all as singly ionized species. The dispersion of [X/Fell] 
for these 6 elements is reasonably small considering that 
with the exception of Ba, for each of these species we 
have detected only a few weak lines redder than 4200 A. 
Ba has four strong lines in the spectral region studied, 
most of which were detected in all the sample stars. Eu 
has a strong line at 4129 A, but our spectra have low 
S/N there. So the abundance of Ba is the most reliable 
among these elements. The ratio of [Eu/Ba] for our sam- 
ple of 13 RGB stars in NGC 2419 is -1-0.33 ±0.11 dex, 
co mparable to that seen in other met al-poor GCs (see, 
e.g. iGratton. Sneden fc Carrettall2004[ ). 

Table [HI demonstrates that there is no apparent dif- 
ference exceeding 0.1 dex between abundances of any 
of these 6 elements between the Mg-poor and the Mg- 
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Figure 13. Abundance ratios for selected species with respect to 
Fc, using Fe I or Fe II as appropriate, are shown as a function 
of [Na/Fe] for our sample of 13 giants in NGC 2419 with HIRES 
spectra. The ratios selected are sensitive to proton burning chains 
operating among Na, Mg, and Al, and to a possible s-process con- 
tribution from intermediate-mass AGB stars. Red and blue points 
denote Mg-poor and Mg-rich giants respectively. 

normal population in NGC 2419. However, as is shown in 
Fig- 1131 there is a weak correlation between [Nal/Fel] and 
[Ball/Fell], and an even stronger correlation of [Nal/Fel] 
and [Znl/Fel]. There is also a hint of a correlation be- 
tween Al and Na, but the data are too sparse to be cer- 
tain since the S/N at the strong Al I line at 3961 A 
is too low to permit the use of that feature, and we 
must rely on the much weaker doublet at 6690 A. No 
such correlation with any other element heavier than Fe 
with sufficient data was seen in our NGC 2419 sample. 
We may consider the Na abundance as a proxy for the 
typical mode of multiple populations involving proton- 
capture at high temperatures among the light elements 
seen in essentially all GCs as an anti-correlation between 
Na and O abundances. If we view the high Na abundance 
stars as those of the typical second generation, then we 
might consider the high Zn and Ba abundances as in- 
dicating a contribution f rom the s-process, such a s was 
first seen in NGC 1851 bv lYong fc Grundahll (l2008h . who 
found that the Zr and La abundances of a small sample of 
stars were correlated with Al, and anti-correlated with O. 
[Carrctta et al. (2012b) present more recent results with 
a larger sample and find correlations between the Al and 
Ba abundances in this GC. 

Thus NGC 2419 is unique among the GCs in that it has 
two distinct manifestations of multiple populations. The 
first is the classic proton burning at high T as manifested 
by correlations and anti-correlations among the light el- 
ements, seen in NGC 2419 as a range of Na abundances, 
and the related s-process contributions of Zn and Ba. 
The second is the strong Mg - K anti-correlation, which 
appears to have a completely separate origin. 

5. POTENTIAL CAUSES OF THE ANOMALIES 
SEEN IN NGC 2419 

In the previous section, we reviewed the evidence for 
anomalies in the chemical inventory of NGC 2419 and 



demonstrated that they are almost certainly real. They 
are not artifacts of analysis problems or non-LTE issues 
(except possibly for the enhancement of K, but probably 
not), and they require a nucleosynthetic explanation. We 
discuss these in order of the m agnitude of the anoma ly. 

As reviewed bv iCratton. Sneden fc Carrettal ()2004l ). it 
is now well established that all GCs contain (at least) 
two generations of stars: the primordial generation, plus 
a second one whose light elements (C, N, O, Na, Mg, Al) 
show evidence for proton burning beginning with C and 
O burning into N, Ne burning into Na, and Mg burning 
into Al. Correlations and anti-correlations found among 
the light elements in GCs have demonstrated this high- 
temperature proton-burning occurs in the progenitors of 
the GC stars. A major study of these issues is summa- 
rized bv lCarretta et al.l (|2009al ). 

Furthermore, the light element abundance variations 
persist all the way down the RGB to the SGB and to 
and e ven below the main sequence turn-off ()Brilev et al.l 
|1996[ ). Thus, they cannot be attributed to stellar 
evolution within a single star, but must involve ma- 
terial processed in more massive stars, then ejected, 
with the usual suspect s being interme d iate m ass AGB 
stars, as advocated b v iD'Antona et al.l (|2002[ ) (see, e.g. 
iD'Antona eral]|2012l . for a more recent view) , o r rapidly 
rotating massive stars ()Maeder fc Mevne"tll2006D . A low- 
amplitude correlation of Si with Al (~0.2 dex increase in 
[Si/Fe] for [Al/Fe] increasing by 1.5 dex) is seen in a few 
GCs as well, e.g.. lYong et al.l (|2005f ) and iCarretta et ahl 
(|2012aD . among others, implying proton burning occur- 
ring in even hotter environments. 

AGB stars are also strong sites for the s-process, and 
thus the search for correlations with s-process element 
variations in GCs is also important. There are some hints 
that extensive proton burning producing very strong en- 
hancements of Na (from Ne) and Al (from Mg) also pro- 
duces small amounts of s-process material leading to cor- 
relations between small, marginally statistically signifi- 
cant enhancements of Y, Zr, and Ba with Na enhance- 
ments, as well a s with much larger Al enhancements 
(lYong et al.l[2005l) . 

One might try to invoke a similar process to this to ex- 
plain at least part of the anomalies in NGC 2419. How- 
ever, Mg is a very abundant element, and in normal GCs, 
burning 40% of the original Mg will produce an enhance- 
ment of a factor of 10 or more in the Al abundance in 
the second generation stars. The burning of 90% of the 
Mg will produce an enhancement of Al which is much 
larger than that seen in the Mg-poor stars in NGC 2419. 
However, Fig. [T^] demonstrates that while some of the 
usual correlations and anti-correlations among the light 
elements present in NGC 2419, the amplitude of the Al 
dispersion is by no means exceptional, as defined by the 
behavio r of a sample of 15 GCs studied bv .Carretta et al.l 
()2009al) . It is especially puzzling that Mg itself does not 
correlate with Na, Al, Ba, or any other element typically 
indicative of proton burning or the s-process. 

Furthermore, we have demonstrated that in the Mg- 
poor stars, K, Ca, and Sc, elements well beyond Si, are 
also enhanced. We rule out proton burning among the 
light elements as an explanation for the anomalies in the 
chemical inventory of NGC 2419 as it is impossible to 
reach the required temperature outside supernovae. Such 
burning may well be going on at a very low level, but it 
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is at best a minor contributor to the bizarre behavior we 
are trying to explain. 

To explain the strong depletion of Mg seen in the Mg- 
poor population in NGC 2419 requires nuclear burning 
at high temperatures and beyond the range of nuclear 
processing believed to occur at the bottom of the surface 
convection zone in AGB stars. Mg is produced during the 
CNO cycle operating in the cores of massive stars, equiv- 
alent to 2^^C — Mg. It is also produced copiously in 
Type II supernovae. We have at present no explanation 
for the Mg-poor population. 

Potassium is the one element discussed in this section 
where there is at least a semi- viable, non-nuclear expla- 
nation, namely non-LTE effects (see Sj4]). But as dis- 
cussed above, this is rather contrived, and probably can- 
not be made to work. Potassium is much less abundant 
in scaled solar mixtures than even Al, so if one tries to in- 
voke proton burning cycles to produce the excess K seen 
in the Mg-poor population, a much larger enhancement 
of K is predicted than is observed. 

K is primarily produced by oxygen burni ng in Type II 
SNe, but, as discussed by iClavtonI (|2003l ). its produc- 
tion depends heavily on the progenitor mass and on 
the assumptions regarding fallback and when material is 
ejected during the SN explosion. Scandium is even rarer 
than K in a scaled solar mixture, and its abundance in 
Type II SN ejecta depends crucially on how far oxygen 
burning has proceeded in material before it is ejected. 
V arying only the progenitor mass, the Type II SN yields 
of iNomoto et al.l ([2006) show a peak in production of 
both K and Sc with respect to Ca for a Type II SN pro- 
genitor mass of between 18 and 20 Mq depending on 
the initial metallicity (zero or low) of the SN progenitor. 
Given this, it may be possible, by tinkering with the char- 
acteristics of Type II SN explosions, to produce highly 
varying fractions of K and of Sc in the eject a .. Sin ce the 
yields of K and Sc given by INomoto et al.l (|2006[ ) vary 
more or less together, one might expect to see correlated 
abundances of K and Sc, as is the case in NGC 2419. 

The dominant isotope of Si is ^*Si, which can be assem- 
bled from 7 nuclei of *He. It is very tightly bound and is 
the primary product of O burning in the cores of massive 
stars. The dominant isotope of Ca is ''"Ca, which has the 
magic number 20 of both protons and neutrons. Thus, 
it is very stable compared to its neighbors in the peri- 
odic table of the elements. It can be assembled from 10 
nuclei of "^He. It, too, is produced primarily in Type II 
SNe during O burning. The abundances of these very 
stable elements in Type II SN ejecta are less sensitive to 
the details of the explosion than those of K or Sc. This 
may be why the mean differences in abundance between 
the Mg-poor and Mg-normal populations in NGC 2419 
for Si and Ca are just 0.2 dex between the two groups. 

Type II SN nucleosynthesis models including ejec- 
tion mechanisms, fallback, and mixing within the 
ejecta can successfully explain the chemical inventory of 
(most) EMP Galactic halo st a rs (iKobava shi et al 2006; 
Tominaga. Umeda fc Nomotol l2007t iHeger fc WooslevI 
20101 ). If one wishes to invoke peculiar Type II SN explo- 
sions to explain the anomalies in the chemical inventory 
of NGC 2419, since it is (even now) a very massive GC, 
just one peculiar Type II SN may not eject enough ma- 
terial to produce a population of Mg-poor stars which 
comprises ~30% of the present cluster stars. Specu- 



lation that multiple, peculiar Type II SNe occurred in 
NGC 2419 and in no other known GC seems rather ad 
hoc and therefore unsatisfactory. 

6. BROADER IMPLICATIONS OF THE LARGE MG 
VARIATIONS IN NGC 2419 

The depletion of Mg among the Mg-poor stars we 
have found in NGC 2419 is unprecedented among 
metal-poor stellar syste ms of any age or total mass. 
iVandenBerg et aTl (|2012| ) calculated the effect of single- 
element enhancements on GC isochrones. At the low 
metallicity ([Fe/H] ~ —2.1) of this GC, they found very 
small changes on the RGB position in the CMD. At 
higher metallicity, IVandenBerg et all (|2012D found sub- 
stantial changes in the positions of the RGB in a simple 
stellar population such as GC. Furthermore, augmenta- 
tions in Mg (or Ca) relative to Fe would have even larger 
consequences than depletions. The same holds true for 
the effects induced by a change in the abundance of a spe- 
cific element with regard to the line strengths of individ- 
ual spectral features, both those of the element involved, 
and those of other elements through the effect of a change 
in Pe and hence a change in ionization ratios. Spectral 
features originating from an ionization stage which con- 
tains only a small fraction of the total atoms of the rel- 
evant element can be significantly altered in strength. 
The RGB plus AGB dominate the total light at optical 
and IR wavelengths in old stellar populations. In these 
cool stars, it is the population and potentially the line 
strength of the neutral vs. the singly ionized species that 
may be affected. 

If large divergences in the abundance of a single 
(abundant, low first ionization potential) element from 
the scaled solar ratio or the normal a-enhanced ra- 
tio do occur in simple stellar systems, then the con- 
sequences for the study of more distant stellar sys- 
tems, where only the integrated light can be ob- 
served, may be profound. For example, the cali- 
brations relating [M/H] a nd the Mg triplet line in- 
dices for the Lick indices (iWorthev fc Ottavianil 119971 : 
iPuzia. Perrett &: Bridges ' 2005), widely used to interpret 
moderate resolution spectra of galaxies and GCs beyond 
the Local Group, will be altered. Substantial star-to- 
star variation within a GC of the abundances of crucial 
elements could mimic a variation of overall metallicity 
or an age spread. By increasing the number of parame- 
ters that must be considered, possible variations in the 
abundances of key individual elements add considerable 
complexity to the interpretation of the their CMDs. 

So far only NGC 2419 shows such behavior in its chem- 
ical inventory, and since this is such a metal-poor GC, 
the effects on its CMD are very small, and the effects 
on its spectrum only appear in the lines of elements that 
are actually abnormal in their abundances. While find- 
ing many more such cases, especially at higher metallic- 
ity, would be very interesting, for the sake of our entire 
knowledge base of the composite light of simple stellar 
systems, we must hope that such cases are very rare. 

7. SUMMARY 

Our initial work on the extremely distant and massive 
outer halo GC NGC 2419 (jClOD used moderate resolution 
spectra from Keck/DEIMOS. We suggested the pres- 
ence of a star-to-star spread in [Ca/H] but no detectable 
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spread in [Fe/H] based on an analysis of the strong Ca II 
near-IR triplet and spectr al sy nthesis of weaker, neutral 
lines. We then proceeded (|CllD to obtain high-dispersion 
spectra of a sample of stars, most of which appeared to 
be normal, a-enhanced red giants similar to those found 
in most GCs. But ,Clli's sample also contained one very 
pecuhar star, S1131, which showed very depleted Mg and 
highly enhanced K and was apparently Ca-rich as well. 
To follow this up, in this paper we presented abundance 
analyses of 6 new RGB stars in NGC 2419, most se- 
lected to be amon g the most apparently Ca enhanced in 
the study oflcToL 

We found that there are two groups of stars in 
NGC 2419, one of which is identical to the typical GC a- 
enhanced RGB stars. The second group, which contains 
roughly 1/3 of the stellar population of this GC, is very 
peculiar. These stars have extremely depleted Mg, rang- 
ing down to —0.9 dex below the Solar ratio, i.e., about 
a factor of 15 below the normal-Mg stars. These Mg- 
poor stars are identical to those with apparently high Ca 
from lClOl . and from the present detailed abundance anal- 
yses show highly enhanced K, moderately enhanced Sc, 
and a small enhancement of Si and Ca compared to the 
Mg-normal stars. But there is no credible evidence for 
any variation of [Fe/H] within this GC. This chemical 
inventory is unprecedented and unique. 

We discussed whether some of this behavior, in partic- 
ular the apparent enhancement in Ca, can be attributed 
to low Pf, in the stellar atmosphere arising from the de- 
pletion of Mg, an important electron donor at low tem- 
perature when H is neutral. We concluded that the small 
difference in Ca abundance 0.2 dex) between the Mg- 
poor and Mg-normal giants is real. 

A number of suggestions have been offered for for pro- 
ducing some of these peculiarities, which do very rarely 
occur in other GC and field halo stars, without invok- 
ing a real difference in chemical inventory between the 
Mg-poor and Mg-normal giants. We provided evidence 
against the suggestion bv lTakeda et al.l (|2010[ ) that un- 
usually strong turbulence in the upper atmospheres of 
the stars might produce the apparent excess of K, at 
least in the case of NGC 2419. We looked at the varia- 
tion with stellar parameters and with metallicity of the 
non-LTE corrections for each of the relevant elements. In 
the end, we concluded that all of these variations, cor- 
relations, and anti-correlations involving Mg, K, Sc, Ca, 
and Si are real differences in mean abundances between 
the Mg-poor and Mg-normal population. 

It is not too difficult to imagine slightly altering the 
characteristics of Type II SNe (their mass distribution, 
the explosion energy, the fallback, etc.) to reproduce 
the behavior of Sc and K. We have not found a similar 
solution for Mg, Ca, and Si. Even the explanation for 
Sc and K is unsatisfactory because it requires multiple 
Type II SNe to be peculiar with respect to those SNe 
that produced the material in all other known GCs. 

In addition to the Mg-K anti-correlation and related 
issues that we have found, there is evidence that the 
usual correlations and anti-correlations among the light 
elements characteristic of proton-burning at high temper- 
ature that are seen in most GCs are present in NGC 2419 
as well, and may be accompanied by s-process enhance- 
ments among some of the heavy neutron capture ele- 
ments. But the two signs of multiple populations act 



independently in NGC 2419; the Na-poor and Na-rich 
giants do not correspond at all with the Mg-poor and 
Mg-normal giants in this peculiar GC. 

With the present work, we now have a clear view of 
the complex chemical inventory within NGC 2419 and of 
the extremely peculiar Mg-poor population which which 
contains roughly 1/3 of its stellar population. However, 
we have not found a solution to the puzzle of how to 
reproduce through nuclear reactions the characteristics 
of the Mg-poor population in NGC 2419. One puzzle 
was unveiled by CIO, Gil, and the present work, but 
another has now been revealed and is at present without 
any satisfactory solution. 

With this new evidence demonstrating the uniqueness 
of NGC 2419 among the Milky W ay sy stem of GCs, we 
repeat the suggestion we made in ICIOI that NGC 2419 
is not a GC. Instead, it may be the nucleus of a dis- 
rupted dwarf galaxy. Although it presently has no dark 
matter (jBaumgardt et al.ll2009() and a gravitational po- 
tential well unlikely to retain supernova ejecta, it may 
have previously resided in a dark matter halo, such as 
an accreted dwarf galaxy. M54, the core of the Sagittar- 
ius dwarf spheroidal galaxy , likely shares the same origin 
(jSaraiedini fc Lavdenll995[). and a si milar story has been 



suggested for w Gen dLeeeTiLllTlll). If NGC 2419 joins 
this growing category of clusters, then it will be unique 
among its class for retaining some (e.g., Ca, Sc, K) but 
not all (e.g., Fe) supernova products. 
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Table 4 

Abundances for First 6 Red Giant Members of NGC 2419 With Keck/HIRES Spectra 
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1 


-1 


04 






1 


-0 


77 






1 


Na I 


6 


32 


-0 


05 





18 


2 





08 





02 


2 


-0 


02 






1 





10 





16 


3 





44 





08 


2 





39 





07 


2 


-0 


01 






1 


Na I® 


6 


32 



































04 





12 


2 
































Mg I 


7 


54 


-0 


51 





19 


5 


-0 


16 





29 


2 


-0 


73 





14 


2 


-0 


42 





14 


4 


-0 


86 





17 


4 


-0 


88 





19 


4 





60 


f) 


18 


3 


Mg if 


7 


54 


-0 


54 





24 


3 






















-0 


41 





06 


2 


-1 


03 





09 


2 


-1 


08 





10 


2 












Al I 


6 


47 





43 






1 





70 






1 


<0 


44 






1 





51 






1 































1 


Si I 


7 







59 





12 


13 





42 





03 


2 





50 





20 


4 





61 





12 


3 





79 





17 


3 





67 





18 


4 





43 





16 


5 


K I 


5 


12 


1 


15 






1 


1 


19 






1 


1 


07 






1 


1 


15 






1 


1 


55 






1 


1 


58 






1 





53 






1 


Ca I 


6 


36 





23 





17 


18 





33 





16 


15 





28 





15 


15 





28 





17 


16 





37 





22 


15 





34 





19 


15 





11 





15 


18 


Sc II 


3 


10 





40 





09 


7 





45 





12 


7 





53 





09 


7 





40 





14 


7 





89 





23 


7 





67 





17 


7 





19 





13 


8 


Ti I 


4 


99 





08 





13 


23 





07 





07 


13 





14 





15 


17 





00 





14 


14 





00 





10 


12 





09 





08 


12 





04 





17 


23 


Ti II 


4 


99 





38 





26 


9 





09 





30 


6 





30 





07 


5 





15 





25 


6 


-0 


01 





29 


5 





04 





29 


5 





43 





16 


6 


V I 


4 


00 


-0 


02 





12 


4 


-0 


01 






1 





29 





17 


2 





22 





22 


2 





08 






1 





19 






1 


-0 


17 





12 


4 


Cr I 


5 


67 


-0 


24 





15 


6 


-0 


26 





07 




-0 


26 





20 


4 


-0 


35 





11 


5 


-0 


36 





09 


5 


-0 


30 





10 


5 


-0 


35 





17 


6 


Mn I 


5 


39 


-0 


34 





12 


7 


-0 


38 





09 




-0 


32 





08 


5 


-0 


33 





09 


5 


-0 


47 





20 


5 


-0 


43 





09 


5 


-0 


35 





07 


6 


Fe IS 


7 


45 


-2 


03 





15 


107 


-2 


08 





14 


75 


-2 


03 





15 


82 


-2 


08 





15 


74 


-2 


18 





11 


57 


-2 


04 





13 


57 


-2 


19 





14 


92 


Fc 


7 


45 


-0 


04 





20 


11 





02 





23 


10 


-0 


07 





16 


11 


-0 


04 





26 


12 





30 





27 


4 





04 





23 


4 





05 





21 


14 


Co I 


4 


92 





11 





12 


3 





32 





22 


2 





25 





06 


2 





01 






1 





13 






1 





17 






1 












Ni I 


6 


25 


-0 


04 





18 


18 


-0 


04 





22 


15 





00 





21 


16 


-0 


08 





25 


16 


-0 


08 





18 


15 


-0 


07 





18 


15 


-0 


OS 





20 


21 


Cu I 


4 


21 


-0 


70 






1 


-0 


50 





20 


2 


-0 


51 






1 


-0 


61 






1 


-0 


68 






1 


-0 


64 






1 


-0 


60 






1 


Zn I 


4 


60 


-0 


13 





12 


2 


-0 


04 





01 


2 


-0 


18 





02 


2 


-0 


07 





08 


2 





20 





22 


2 





01 





21 


2 


-0 


13 





30 


2 


Sr I 


2 


90 






















-0 


56 






1 
































-0 


20 






1 


Sr II 


2 


90 


-0 


37 






1 




















































-0 


15 






1 


Y II 


2 


24 


-0 


41 





10 


3 


-0 


38 





11 


3 


-0 


53 





08 


5 


-0 


39 





19 


5 


-0 


20 





06 


3 


-0 


38 





11 


3 


-0 


37 





12 


4 


Ba II 


2 


13 


-0 


04 





05 


4 


-0 


17 





19 


3 


-0 


28 





09 


4 


-0 


24 





17 


3 


-0 


14 





17 


3 


-0 


08 





13 


4 


-0 


08 





18 


3 


La II 


1 


14 





04 






1 




















































-0 


04 






1 


Cc II 


1 


55 


-0 


14 





13 


3 


-0 


26 





23 


2 


-0 


41 





05 


2 


-0 


34 





19 


2 


-0 


57 





09 


2 


-0 


45 





09 


2 


-0 


56 





10 


2 


Nd II 


1 


50 


-0 


12 





21 


5 





17 





03 


2 


-0 


01 





05 


2 












-0 


30 





06 


2 


-0 


18 





02 


2 


-0 


04 





09 


3 


Eu II 





51 





27 





28 


2 





68 






1 


-0 


14 






1 





48 





21 


2 


-0 


20 






1 


-0 


15 






1 





00 





11 


2 


Dy II 


1 


10 

































































34 






1 



i-i 
> 

cr 

a 

O) 



o 
o 

to 
1*^ 



^ This is the AGB solution for S1673. 

^ [X/Fe]: Fe I is used for neutral species, Fe II for ionized species. 

^ The rms dispersion about the mean of [X/Fe]. 

^ From synthesis of the CH band near 4320 A. 

^ The strong Na D lines arc ornitted- 

^ The strong IVlg triplet lines are omitted. 

S This is [Fe(Fe I)/H]. 

This is [Fe(Fe II)/Fe(Fe I)]]. 



Table 5 

Abundances for Last 7 Red Giant Members of NGC 2419 With Keck/HIRES Spectra 



Elem 


Sun 
(dex) 


[X/Fo]" 
(dex) 


S1166 
(dex) 


N 


[X/Fc]" 
(dex) 


S406 
(dex) 


N 


[X/Fo]» 
(dex) 


S1209 
(dex) 


N 


[X/Fo]» 
(dex) 


S223 
(dex) 


N 


[X/Fo]» 
(dex) 


S810 
(dex) 


N 


[X/Fc]" 
(dex) 


S1305 
(dex) 


N 


[X/Fo]" 
(dex) 


S973 
(dex) 


N 


C(CH)'^ 


8. 


59 


-0. 


.73 






1 


-0. 


.76 






1 


-0 


.74 




1 


-0. 


.93 






1 


-0 


.86 






1 


-0 


.31 


0. 


20 















[O I] 


8. 


83 






















0. 


.70 




1 















.24 


0. 


25 


2 















.75 


0. 


04 


2 


Na I 


6. 


32 


-0 


28 






1 





06 





14 


2 





30 




1 





26 





02 


2 


-0 


.41 


0. 


15 


3 





.66 


0. 


15 


2 





.19 


0. 


15 


2 


Na I<1 


6. 


32 








































-0 


.50 


0. 


11 


2 






















Mg I 


7, 


54 





42 





.26 


3 





36 





22 


3 





44 


0.22 


5 





14 





24 


5 





.24 


0. 


15 


5 





.26 


0. 


14 


5 





.29 


0. 


20 


5 


Mg I" 


7 


54 

























.50 


0.13 


3 





.09 





34 


3 





.23 


0. 


18 


3 





.24 


0. 


15 


3 





.33 


0. 


27 


3 


Al I 


6, 


47 















78 





08 


2 













.68 






1 





.22 






1 






















Si I 


7. 







34 





.08 


3 





23 





18 


4 













32 





18 


4 















.54 


0. 


16 


4 





.24 


0. 


37 


2 


K I 


5. 


12 





51 






1 





46 






1 





44 




1 





59 






1 





.51 






1 





.40 






1 





.12 






1 


Ca I 


6. 


36 





12 





.17 


15 





11 





14 


13 





17 


0.13 


14 





07 





15 


14 





.05 


0, 


13 


11 





.25 


0. 


20 


14 





.17 


0. 


21 


15 


Sc II 


3. 


10 





05 





.11 


7 





05 





16 


6 





18 


0.13 


6 





18 





09 


7 





.01 


0. 


09 


7 





.15 


0. 


18 


7 





.00 


0. 


15 


7 


Ti I 


4. 


99 





07 





.16 


15 





09 





13 


16 


-0 


06 


0.16 


17 





16 





16 


19 


-0 


.04 


0. 


21 


14 





.16 


0. 


20 


10 





.08 


0. 


20 


9 


Ti II 


4. 


99 





20 





.07 







02 





21 


5 





30 


0.15 


10 





28 





29 


5 





.00 


0. 


26 


7 





.17 


0. 


29 


5 





.05 


0. 


26 


4 


V I 


4, 


00 





01 





.14 


4 





10 






1 





01 


0.12 


3 


-0 


04 





13 


9 





.02 


0, 


OS 


3 





.09 


0. 


36 


2 





.05 


0. 


07 


3 


Or I 


5, 


67 


-0 


35 





.22 


4 


-0. 


34 





18 


4 


-0 


38 


0.12 


6 


-0 


29 





21 


5 


-0 


.39 


0, 


15 


4 


-0 


.49 





20 


2 


-0 


.27 


0. 


04 


2 


Mn I 


5, 


39 


-0 


41 





.09 


5 


-0 


39 





09 


5 


-0 


37 


0.14 


6 


-0 


43 





12 


6 


-0 


.44 


0. 


12 


6 


-0 


.40 





10 


6 


-0 


.26 


0. 


26 


4 


Pe I* 


7, 


45 


-2 


00 





.13 


75 


-2 


03 





13 


79 


-2 


25 


0.11 


75 


-2 


12 





15 


91 


-2 


03 


0. 


13 


78 


-2 


18 





18 


71 


-2 


02 





17 


67 


P6 IIS 


7, 


45 


-0 


14 





.15 


11 


-0 


10 





14 


11 





07 


0.21 


9 


-0 


14 





21 


12 


-0 


.06 





19 


6 


-0 


.04 





17 


8 


-0 


.14 





26 


6 


Co I 


4, 


92 





11 





.06 


2 





25 





10 


2 





01 




1 





09 





06 







.19 


0. 


16 


3 





.05 






1 












Ni I 


6, 


25 


-0 


01 





.18 


16 


-0 


01 





19 


16 


-0 


06 


0.16 


11 


-0. 


.03 





.18 


21 





.07 


0. 


23 


12 


-0 


.06 


0. 


22 


13 


-0 


.05 


0. 


19 


14 


Cu I 


4 


21 


-0 


56 





.01 


2 


-0 


53 





17 


2 


-0 


68 




1 


-0. 


.71 





.02 


2 


-0 


.74 


0. 


09 


2 


-0 


.61 






1 


-0 


.56 






1 


Zn I 


4 


60 


-0 


21 





.17 


2 


-0 


15 





08 


2 










-0 


.19 





.17 


2 


-0 


.32 


0. 


02 


2 






















Sr I 


2 


90 


-0 


86 






1 


-0 


.48 






1 


-0 


48 




1 












-0 


.39 






1 






















Sr II 


2 


90 






















-0. 


.35 




1 












-0 


.25 






1 






















Y II 


2 


24 


-0, 


.48 





.18 


3 


-0 


.56 


0. 


.13 


5 


-0 


.32 


0.09 


5 


-0. 


.36 


0. 


.24 


4 


-0 


.59 


0. 


20 


4 


-0 


.44 


0. 


08 


3 


-0 


.48 


0. 


10 


2 


Zr I 


2, 


60 

































.49 






1 
































Ba II 


2, 


13 


-0 


25 





.10 


4 


-0 


28 





10 


4 


-0 


05 


0.16 


3 


0. 


.16 


0. 


.24 


3 


-0 


.27 


0. 


17 


3 





.12 


0. 


06 


3 


-0 


.05 


0. 


17 


3 


La II 


1, 


14 

























37 




1 












-0 


.26 






1 






















Ce II 


1, 


55 


-0, 


.23 





.09 


2 


-0. 


.27 





.09 


2 


-0 


.16 


0.05 


2 












-0 


.33 


0. 


23 


3 






















Nd II 


1. 


50 





.12 





.01 


2 


-0 


.01 





.01 


2 





.02 


0.09 


2 


-0 


.15 





.16 


4 


-0 


.15 


0. 


05 


2 





.33 


0. 


.07 


2 


< 


.19 






1 


Eu II 


0. 


51 





.25 





.15 


2 





.32 





.08 


2 





.30 


0.11 


2 





.33 





.16 


2 





.05 


0. 


20 


2 


<o 


.84 






1 













^ [X/Fe]: Fe I is used for neutral specicts, Fc II for ionized species. 
^ The rms dispersion about the mean of [X/Fe]. 

From synthesis of the CH band near 4320 A. 

The strong Na D lines arc omitted. 
® The strong Mg triplet lines are omitted, 
f This is [Fe(Fe I)/H]. 
g This is [Fe(Fe II)/Fe(Fe I)]]. 



Bizarre Abundances in NGC 2419 



Table 2 

W)^ for Five Mg-Poor Stars and S406 in NGC 2419 With Keck/HIRES Spectra 



Line 


Species 




X 


log(g/) 


S458 


S1004 


S1065 


S1131 


S1673 


S406 








(eV) 


(dex) 


mA 


mA 


mA 


mA 


mA 


mA 


5682 


63 


Na I 




in 


— 0.700 


18.6 


17.3 




13.0 


28.6 


15.7 


5688 


19 


Na I 




in 


— 0.420 


23.0 


28.1 


27.5 


36.0 


53.2 


38.5 


5889 


95 


Na I 




nn 


0.110 




292.0 


318.7 






273.0 


5895 


92 


Na I 




nn 


— 0.190 


266.0 


248.0 


262.9 






303.0 


4703 


00 


Mg I 






— 0.440 


73.3 


75.4 


48.0 


56.0 


28.4 


130.2 


5172 


70 


Mg I 




71 


— 0.380 


213.8 


240.3 


196.1 


224.0 


203.4 


320.0 


5183 


62 


Mg I 






—0.160 


249.0 


275.0 


232.5 


266.0 


228.0 


390.0 


5528 


40 


Mg I 






-0.498 


80.0 


104.0 


61.6 


71.0 


35.0 


144.6 


5711 


09 


Mg I 






-1.724 








15.5 




31.6 


6696 


02 


Al I 




1,1 


-1.340 


10.0 


15.0 


<10.0 


-10.9 




18.5 


6698 


67 


Al I 






-1.640 












12.7 


4102 


94 


Si I 






-3.140 








150.8 






5665 


55 


Si I 




Q9 


— 2.040 








21.5 






5690 


43 


Si I 






— 1.870 








16.0 






5772 


15 


Si I 






— 1.750 








13.6 






5948 


54 


Si I 






— 1.230 


36.1 


26.9 


38.9 


35.3 


41.5 


22.1 


6155 


13 


Si I 




62 


-0.760 






18.7 


24.6 




10.8 


6237 


32 


Si I 






— 1.010 


15.0 




12.2 


18.0 


17.0 


8.2 


7003 


57 


Si I 




96 


— 0.830 








11.5 






7005 


89 


Si I 




98 


— 0. 730 








19.1 






7034 


90 


Si I 




87 


— 0.880 








15.7 






7405 


77 


Si I 






— 0.820 


35.1 


21.2 


40.4 


39.0 


45.9 


25.4 


7415 


95 


Si I 




61 


— 0.730 








29.0 






7423 


50 


Si I 




r9 


— 0.580 








44.3 






7698 


97 


K I 




nn 


-0.168 


162.1 


160.6 


163.0 


175.0 


210.8 


119.7 


4578 


56 


Ca I 






— 0.558 








41.4 






5512 


99 


Ca I 






-0.300 








32.3 






5581 


96 


Ca I 






-0.710 


60.0 


47.7 


56.2 


56.0 


52.9 


44.7 


5588 


75 


Ca I 






0.210 


108.6 


101-9 


109-9 


120.7 


127.1 


104.8 


5590 


11 


Ca I 






-0.710 


49-2 


62.5 


55.9 


57-2 


60.2 


52.5 


5594 


46 


Ca I 




'J 2 


-0.050 


100.0 


92.8 


106-1 


98-3 


116.4 


90.3 


5601 


28 


Ca I 






-0.690 


68.0 


58.3 


58-2 


67-3 


54.0 


48.6 


5857 


45 


Ca I 






0.230 


75.2 


79.8 


81-1 


87-2 


94.2 


74-0 


6161 


30 


Ca I 






— 1.030 


20.0 




21-7 


28-5 


18.5 




6162 


17 


Ca I 




90 


— 0.090 


150.8 


151.9 


156-4 


164.7 




145.0 


6166 


44 


Ca I 






— 0.900 


31.0 


26.5 




32-8 


29.0 




6169 


04 


Ca I 






— 0.540 


50.0 


47.0 


51-3 


47-2 


45.7 


38.5 


6169 


56 


Ca I 






-0.270 


65.5 


71.0 


71.7 


73-0 


74.0 


57.5 


G 471 


66 


Ca I 




'"2 


-0.590 


54.5 


66.9 


57.7 


62.0 


67.9 


51.2 


64 9 3 


78 


C.'a I 




'"2 


0. 140 


93.0 


97.6 


103.0 


101.8 


107.8 


87.7 


6499 


65 


Ca I 




''4 


— 0.590 


44.2 


50.6 


46-7 


48-2 


52.7 


45.6 


6717 


68 


Ca I 




71 


— 0.610 


52.5 


63.6 


61.1 


62-9 


58.3 




7148 


15 


Ca I 




71 


0.218 


99.0 


100,9 


112.2 


112.4 


137.3 


99.8 


5526 


79 


Sc II 




77 


0. 130 


113.7 


110.7 


122.8 


122.0 


153.9 


82.8 


5657 


90 


Sc II 




^ 


— 0.500 


107.2 


97.5 


116.3 


120.0 


143.8 


81.3 


5667 


15 


Sc II 




''0 


— 1.240 


58.5 


60.9 


73.5 


54.1 


84.2 




5669 


04 


Sc II 






— 1. 120 


56.5 


61.1 


66.8 


71.3 


82.8 


38.1 


r,(i8 1 


20 


Sc II 




''1 


- 1.080 


45.7 


72.5 


78.0 


73.1 


113.5 


54.7 


62 45 


64 


Sc II 






- 1. 130 


59.5 


61.0 


73.5 


73.9 


84.5 


44.3 


6604 


59 


Sc II 




36 


— 1.310 


54.0 


51.0 


70.6 


66.1 


76.5 


34.4 


4512 


74 


Ti I 






— 0.480 


54.3 


59.0 


61.0 


77.5 


52.0 


53.1 


4533 


25 


Ti I 






0.480 








124.0 






4534 


78 


Ti I 






0.280 


88.3 


105.0 


102.1 


106.0 


113.6 


102.9 


4548 


77 


Ti I 






-0.350 


55.3 


69.6 


65.0 


75.3 


63.8 


71.1 


4555 


49 


Ti I 






-0.490 








57.0 






4681 


92 


Ti I 




0'' 


— 1.070 


80.3 


96.8 


101.5 


100.4 


102.8 


104.6 


4981 


74 


Ti I 




8'' 


0.500 


118.4 


120.6 


120.8 


133.8 


127.6 


130.9 


4999 


51 


Ti I 




83 


0.250 


98.3 


102.1 


123.4 


119.2 


124.6 


112.8 


5022 


87 


Ti I 




83 


-0.430 


70.6 


59.2 


74,5 


76,5 


66.3 


75.0 


5039 


96 


Ti I 




02 


- 1. 130 


93.7 


84.5 


108,6 


104. 1 


99.0 


102.4 


5173 


75 


Ti I 




00 


— 1. 120 


98.3 


95.6 


110.9 


115.1 


106.2 


106.0 


5210 


39 


Ti I 






— 0.880 


107.5 


107.9 


116.8 


126.3 




121.8 


5866 


45 


Ti I 




n-y 


— 0.840 


32.4 


27.5 


45.1 


39.9 


28.5 


36.8 


5922 


11 


Ti I 






— 1.470 






20.9 


17.3 




14.2 


5941 


75 


Ti I 




nr 


- 1.520 








15.2 






5953 


16 


Ti I 




QQ 


-0.329 








20.6 






5965 


83 


Ti I 




88 


— 0.409 






12.6 


13.9 




10.8 


5978 


54 


Ti I 






— 0.496 








12.8 






6126 


22 


Ti I 






— 1.420 






17.3 


25.5 




19.8 


6258 


10 


Ti I 




44 


— 0.355 


26.9 




33.1 


39.0 


23.4 




6258 


71 


Ti I 






— 0.240 


37.0 


35.0 


44.9 


44.0 


33.7 


38.2 


6261 


10 


Ti I 






— 0.479 


25.0 


22.7 


33.1 


38.4 




30.8 


6743 


12 


Ti I 




nn 


- 1.630 








15.3 






4399 


77 


Ti II 




9/1 


- 1.290 








151.0 






4417 


72 


Ti II 






-1.160 


128.5 


124.6 


157.0 


159.5 




119.9 


4583 


41 


Ti II 






-2.870 


50.7 


49.5 


59.1 


69.1 


53.4 




4589 


95 


Ti II 






- 1.650 








126.8 






4657 


20 


Ti II 




24 


— 2.320 








90.0 






4708 


67 


Ti II 




24 


— 2.370 


67.3 


87.7 


92.1 


96.0 


91.0 


69.3 


4865 


62 


Ti II 




12 


— 2.810 


75.4 


63.5 


71.2 


74.5 


78.0 


58.3 


4911 


20 


Ti II 




12 


— 0.340 


30.5 


28.2 


42.0 


32.0 


29.3 


31.3 


5185 


91 


Ti II 




89 


— 1.460 


85.4 


79.8 


84.2 


86.0 


100.5 


77.2 


6090 


22 


V I 






— 0.062 


17.7 






25.5 






6199 


20 


V I 






- 1.280 








21.5 






6243 


10 


V I 






-0.978 


37.8 


18.0 


47.2 


28.7 


25.0 


29.4 


6251 


82 


\" I 




■ 


-1.340 






16.0 


10.6 






4545 


96 


C .^r I 






- 1.380 


61.8 


63.0 


75.3 


77.1 


69.4 


58.6 


4600 


76 


C.r I 




00 


— 1.280 








75.4 






4616 


13 


Cr I 




98 


— 1.210 


62.4 


68.7 


65.0 


78.4 


65.6 


76.4 


4626 


18 


Cr I 





97 


- 1.340 


65.8 


66.1 


69.7 


81.8 


59.1 


64.9 


5206 


04 


Cr I 





94 


0.030 


149.0 


155.0 






175.1 




5298 


28 


Cr I 





98 


— 1. 170 








111.2 






5409 


80 




1 


03 
















4033 


06 


Mn I 





00 


-0.620 








238.4 






4754 


04 


Mn I 


2 


28 


-0.090 


82.7 


60.1 


89.5 


80.2 


61.1 


72.7 


4783 


42 


Mn I 


2 


30 


0.042 


79.5 


67.0 


84.5 


84.1 


75.1 


78.6 


4823 


51 


Mn I 


2 


32 


0.140 


80.0 


79.1 


85.1 


94.7 


80.6 


92.6 


5394 


69 


Mn I 





00 


-3.503 


43.5 


43.8 


57.2 


67.0 


33.0 


54.7 


6021 


80 


Mn I 


3 


08 


0.034 


30.4 


23.9 


26.6 


38.9 


25.1 


33.4 


4602 


95 


Fc I 


1 


49 


-2.220 


125.4 


115.0 


139.3 


148.3 


148.3 


139.1 


4625 


05 


Fc I 


3 


24 


-1.348 


61.5 


48.4 


61.0 


73.1 


52.1 


70.0 


4788 


77 


Fc I 


3 


24 


-1.806 


35.7 


27.2 




31.5 






4872 


14 


Fc I 


2 


88 


-0.570 








128.7 






4891 


50 


Fe I 


2 


85 


-0.110 


138.6 




147.5 


152.5 


157.3 


150.4 


4919 


00 


Fe I 


2 


86 


-0.340 


135.7 


141.2 


133.1 


137.3 


142.9 


139.0 


4920 


51 


Fe I 


2 


83 


0.068 


185.0 




188.2 


188.5 







Cohen & Kirby 
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Line Species x log(g/) S458 S1004 S1065 S1131 S1673 S406 

(eV) (dex) mA mA mA mA mA mA 



o083 


34 






96 




960 


143.2 


142-3 


144 




150 




163,0 


148,8 


5166 


28 


Fo I 




00 


— 4 


200 


150.0 


159-8 


161 




163 




165,4 


163,8 


5171 


61 


Fc: I 




48 




790 


156.7 


152-6 


161 




173 




174,6 


167,1 


5192 


35 


Fc: I 




00 




420 


124.9 


129-1 


123 








140,2 


131,1 


5194 


95 


Fc I 








090 


140.4 


141.0 


149 


9 


150 




162,1 


147,3 


5198 


72 


Fc I 




22 




140 


98. 1 


96.2 


96 


5 


104 


3 


98.0 


101.3 


5216 


28 


Fc I 








150 


135.6 


128.9 


135 


5 


142 


8 


147.8 


139.5 


5217 


40 


Fc I 








070 


71.3 


69.2 


79 




77 





70.0 


78.0 


5227 


19 


Fc I 




o6 


~ ^ 


350 


212.1 
















5232 


95 


Fc I 




94 


— 


100 


141.0 


142.9 


147 




159 




158,8 


145,6 


5393 


18 


Fc I 




24 


— 


720 


99.4 


91,2 


104 




105 


3 




100,7 




92 


Fc I 




47 




400 




65,3 


69 




60 






66.7 


5415 


21 


Fc I 




39 




640 


86,9 


72,9 


87 




89 




91,0 


89.0 


5424 


08 


Fc I 




32 




:>10 


102.2 


99,7 


98 




97 


9 


99,3 


102,8 


5445 


05 


Fc I 




39 


— 


030 


58.1 


67,4 


63 




65 




46,0 


68.8 






T 




?r 






oa^ 


16,8 






o^ 






„ ■ ■ 




on 
















oi 












5487 


■7-7 

77 


Fc 




14 


— 


620 






3o 




39 




32,7 




5497 


52 


Fc I 




01 


~^ 


830 


171.7 


153-1 


172 










167.8 


5501 


46 


Fc I 




96 


"■^ 


050 


144.2 




152 




164 




168,6 


142,2 


5506 


79 


Fc I 






~^ 


790 


159.1 


152-5 


171 








175,7 


165.4 


5554 


88 


Fc I 




r r 

oo 


— 


350 




21,3 


18 




20 






28.8 


5567 


39 


Fc I 




61 


~^ 


670 


30.5 




33 




44 


9 




30.9 


5569 


62 


Fc I 




42 


— 


486 


89-3 


89,5 


95 




98 




98,1 


95.4 


5572 


84 


Fc I 


3 


40 


— 


275 


115.9 


111-5 


114 




115 




119,2 


112,3 


5576 


09 


Fc I 




43 


— 


920 


73-9 


74,9 


77 








75,1 


81.8 


5586 


76 


Fc I 




37 


— 


140 


116.0 


106,3 


120 




131 




129,9 


124,4 


5624 


04 


Fc I 




39 


~ ■'^ 


220 


















5624 


54 


Fc I 




42 


— 


755 


84,0 


78,2 


87 




86 


9 


84,3 


86.8 


5662 


52 


Fc I 




■'■^ 


— 


570 






'^"^ 




35 






43. 1 


5701 


54 


Fe I 




o6 


~^ 


140 


60.9 


57,5 


68 




69 


5 


63,3 


65. 1 


5705 


98 


Fe I 




61 


— 


490 














23,4 




5753 


12 


Fc I 




26 


— 


690 


27.6 


24,7 


23 




19 


^ 


17,9 


21.3 


5762 


99 


Fc I 




21 


— 


410 




37,8 


46 


8 


45 


8 




51.3 


5775 


06 


Fc I 




22 




300 




10, 1 






14 


9 






5778 


46 


Fc I 




59 


— 3 


430 










8 


9 






^^^"^ 


72 


Fc I 






— 


950 












9 






5859 




Fc I 




r r 
OO 


— 


550 




19.0 






13 








5862 


35 


Fc I 




oo 


— 


330 


25.9 




23 


■'■ 


24 






28.5 


5883 


81 


Fc I 




96 


~ ■'■ 


260 






16 


''' 


31 








5930 




Fc I 




65 


— 


140 


23.3 


23.0 


26 




28 




30.0 


28.2 




65 


Fc I 




93 


~ ■'■ 


070 


22.6 


24.8 


26 




31 






29.3 


^^^^ 


72 


Fc I 




98 




340 










17 








5956 


69 


Fc I 




86 


— 4 


500 


58.3 


64.6 


74 




74 




60.2 


74.2 


5976 


79 


Fc I 






~ ■'■ 


330 










24 








5983 


69 


Fc I 




r r 

oo 


— 


660 






16 










15.4 


5984 


83 


Fc I 




73 


— 


260 






20 










18.2 


snot 




I 


























^ * ^ 












non 






oo 










o« n 


60oo 


99 


Fe 




73 


— 


370 




13,2 


o 
12 




oi 
21 






15.8 


6065 


48 


Fe I 




61 




410 


106.6 


113.1 


119 


''' 


115 




120.7 


114.1 


6078 


50 


Fc I 




79 


— 


330 










13 






14.1 


6136 


62 


Fc I 




45 




410 


129.6 


135,4 


128 




144 




158.8 


135.8 




















^? 




_ ' 


■ 


' ' ' 


1 n 






p° T 


























61ol 


62 


Fc 




t'q 
18 




370 


30.5 


27.9 


33 




36 




26.0 


35.8 


6157 


73 


Fc I 




07 




160 










18 








6165 


36 


Fc I 




14 


~ ^ 


470 


















6173 


34 


Fc I 




22 




880 


60.7 


58,9 


59 




70 


9 


58.8 


62.7 


6180 


20 


Fc I 




73 




650 


31.4 


30,4 


30 




33 




23.4 


34.4 


6187 


99 


Fc I 




94 


~ ^ 


620 










14 








6191 


56 


Fc I 




43 


~ ^ 


420 


126.1 


123,1 


135 


9 


140 


9 


128.0 


141.8 


6200 


31 


Fc I 




61 




370 


42.2 


43,5 


46 


''' 


59 


9 




44.4 


6241^ 


65 


Fe I 




22 


~^ 


170 




28,9 


38 




33 




24,7 


35.6 




'^^ 


Fe I 




60 


— 


880 


65.6 


60,9 


71 




73 




59,6 


68.5 


6252 


^>5 


Fe I 




40 


~ ^ 


770 


118.1 


120.4 


127 




127 




121.5 


125.0 




26 


Fe I 




28 




430 


81.1 


82.7 


99 




101 




93.4 


91.8 


6265 


13 


Fe I 




18 


~^ 


540 


83.8 


84.2 


96 




95 




87.4 


87.9 


6297 




Fe I 






~^ 


640 


58.6 








65 








6301 




Fe I 




65 


— 


718 


58.2 








73 










.)0 


Fe I 




69 




110 


33.8 
















6315 


31 


Fe I 




14 




230 










10 








6355 


03 


Fe I 




84 




290 


41-6 


40.3 


47 


5 


37 


9 


41,7 


42.1 


6380 


75 


Fe I 




19 




380 










^■'^ 








6393 


60 


Fe I 




43 




580 


126.9 


118.5 


131 




139 




142,8 


131,3 


6408 


03 


Fc I 








020 


35,3 


27,5 












.)8,6 


6411 


65 


Fc I 




6o 


— 


720 


66, 1 


56,8 


i3 










94-3 


6430 


84 


Fc I 








9o0 


119,3 


121-2 


129 




132 




131,2 


132,0 


6475 


63 


Fc I 




56 




940 


2^,7 


25,0 










23,3 


33,7 


648 1 


87 


Fc I 




28 




010 


4 1 , 9 


45,4 






'''' 






00-8 


6494 


98 


Fc I 




40 




240 




143-7 


15;) 




152 




162,2 


146,2 


6498 


94 


Fc I 




96 


— 4 


690 


oo,6 


41,9 


64 




68 




50,0 


6o-4 


6546 


24 


Fc I 




76 


~ ^ 


540 


92,6 


94,5 


94 




104 




93,2 


9 1 - 7 


6692 


91 


Fe I 




73 


~ 1 


470 


101.5 


97.9 


110 




117 


5 


107.0 


105.9 


6593 


87 


Fe I 




43 


~^ 


370 


70.4 


70.9 


82 


7 


84 




70.0 


84.4 


6609 


11 


Fe I 




56 


~^ 


660 


40.7 


36.1 


41 


9 


43 


3 




45.9 


6625 


02 


T 




01 


— 5 


370 




12.3 






22 








6648 


12 


C-^ T 




01 


— 5 


920 


















6703 


57 


T 




76 


~^ 


060 




11.6 


18 




16 








6739 


52 


Fe I 








790 






10 




















42 


~2 




^^"^ 


58.9 












^^"^ 


6839 


83 


Fe I 


2 


56 


_3 


350 










12 


3 






6855 


18 


Fe I 


4 


56 


-0 


740 


15.4 




15 





13 


8 




14.5 


6861 


95 


Fe I 


2 


42 


-3 


850 










8 


9 






6978 


85 


Fe I 


2 


48 


-2 


450 










73 


3 






6988 


52 


Fe I 


2 


40 


-3 


560 










20 


3 






6999 


88 


Fe I 


4 


10 


— 1 


460 










11 


6 






7022 


95 


Fe I 


4 


19 


— 1 


150 










15 


6 






7038 


22 


Fe I 


4 


22 


— 1 


200 










22 









7130 


92 


Fe I 


4 


22 


-0 


750 










34 









7151 


47 


Fe I 


2 


48 


-3 


660 










8 


6 






7179 


99 


Fe I 


1 


48 


— 4 


750 










11 


2 






7288 


74 


Fe I 


4 


22 


— 1 


280 










18 


3 






7411 


16 


Fe I 


4 


28 


-0 


280 


35.4 


36.8 


36 


4 






46.2 


42.7 


7418 


67 


Fe I 


4 


14 


— 1 


380 










10 


1 






7445 


75 


Fe I 


4 


26 





030 


51.9 


51.6 


61 


8 


57 


6 


52.0 


61.3 


7568 


91 


Fe I 


4 


28 


-0 


940 










21 


9 
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Line Species x log(g/) S458 S1004 S1065 S1131 S1673 S406 

(eV) (dex) mA mA mA mA mA mA 



7583. 79 




















4^ 






47.7 






7586.04 






31 


— 


130 


40 




43 




47.9 








56 




7742.72 


Fc I 




99 


— 


420 












21 










7748.27 


Fo I 




95 


~ ^ 


750 


60 




71 




80.8 


83 




75.5 


78 




7780.57 


Fc I 




47 




040 


35 




45 




41-6 


45 




40.3 


39 




4508 . 30 


Fo II 




84 




280 


74 




77 




87.3 


83 






86 




4576.34 


Fo II 




S3 




900 


49 




56 




59.0 


60 






58 




4923.93 


Fo II 




88 




320 


143 




127 




136.8 


146 






141 




5018.45 


Fo II 




89 




220 


164 








164.8 


167 






160 




5197.58 


Fo II 








230 






82 




70.6 


76 






72 




5234. 63 










o^n 






78 




In t" 








0? 




542 5 26 






nn 




















on a 
■ ■ 














~ 








■ 




rn -7 












'^991 38 










r-rn 






















U 141: !J . ^ O 






cr' 














1 a ■:! 








1 « 










cn 










/in 




00 1 
■ 








07 




64^6 39 






90 




310 


39 




















DO ID . Uo 






sn 
■ 
















AO 






dO 




5483. 34 










/ion 





9 






/17 -7 








/in 




A Q 1 ^ Q/1 


r° 








onn 
























r<° 




n/i 




n-7n 
















■ 






OO 1 O . 1 


M° T 

! 




















r 










5587.86 










140 


33 




or 

! 




44-2 






on 
29.9 


44 




5592 . 26 


Ni I 




95 




590 


42 


9 


32 




36-9 


48 




35.0 


35 




5748. 35 


Ni I 




68 




260 






10 




24-5 


20 




15.2 


21 




5846. 99 


Ni I 




68 




210 












17 










5892 . 87 


Ni I 




99 




340 


48 




59 




60-5 


66 




42.7 


59 




6128.97 


Ni I 




68 




330 












18 










6314.66 


Ni I 




93 


~ ^ 


770 


45 




















6482 . 80 


Ni I 




93 


— 2 


630 


14 




20 




20.5 


22 




14.3 


52 


4 


6586.31 


Ni I 




95 


~^ 


810 


23 




20 




29.9 


26 




14.7 


24 




6643.63 












In 














« 






6767 77 


w- T 
? 


























7a 




7122. 20 


Ni 




54 




048 


,)9 




1-7 

47 




60-8 


65 




53.5 


66 




7414. 50 


I 




99 




570 


36 




30 




53.9 


48 




33.1 


44 




7422.27 


Ni I 




63 


— 


129 


38 




32 
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Table 3 

W)^ for 7 Mg-Normal RGB Stars in NGC 2419 With Keck/HIRBS Spectra 



Line Species x ^os(gf) S810 S973 S1166 S1209 S1305 S1814 S223 

(eV) (dex) mA mA mA mA mA mA mA 
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Bizarre Abundances in NGC 2419 

Table 3 — Continued 



Line Species x log(a/) S810 S973 S1166 S1209 S1305 S1814 S223 

(eV) (dex) mA mA mA mA mA mA mA 
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6355.03 


Fc I 




84 




290 


56 




39-3 


54 


8 


37 




39 




45 




45 




6380.75 


Fc I 


f 


























ll^ 




10 




6393.6 


Fc I 








^>80 






139,1 


142 




127 




133 


9 


162 




162 




6408.03 


Fc I 








020 


.)3 




63,8 


57 


2 


45 






^ 












Fc I 




bo 




720 


77 




86,8 


80 


7 


72 




78 


7 


85 


9 






6421.3:> 


Fc I 




28 




010 












120 
















6430.84 


Fc I 








9o0 


128 




141,9 


138 


8 


129 




134 


9 


165 




165 




647.5.63 


Fc I 




ob 




940 


41 






43 


3 


26 








49 


5 


49 


5 


6481.87 


Fc I 




28 




010 


63 




6^),b 


bb 


1 


46 




42 


3 


72 


7 


72 


7 


6494.98 


Fc I 




40 




240 


159 




166.6 


166.0 


153 




149 













6498.94 


Fe I 





96 


— 4 


690 


83 




79.0 


84.6 


60 


6 


64 


3 


88 




88 




6546.24 


Fe I 




76 


~^ 


540 


108 


5 


122.0 


110 


9 


95 


8 


89 


8 


125 





125 





6581 .21 


^ T 




48 


— 4 


680 


' _ 














^■'^ 




16 




16 




6592.91 


Fe I 




73 


~^ 


470 


119 




117.7 


119.4 


111 




102 




127 




127 




6593.87 


Fe I 




43 


~^ 


370 


86 




93.8 


89 


8 


71 




80 




96 


■'^ 


96 




6608.02 






28 




930 


■'^■'^ 


























6609. 1 1 


F^ I 






~^ 










57 


8 


















6625.02 


Pe I 


1 


01 


— 5 


370 


33 


6 


23.0 


33.7 


23 









38 





38 





6648.12 


Pe I 


1 


01 


-5 


920 




















11 


9 


11 


9 


6703.57 


Pe I 


2 


76 


-3 


060 








32.7 






18 





19 


4 


19 


4 


6739.52 


Pe I 


1 


56 


-4 


790 


21 


8 




13.3 


















6750.15 


Pe I 


2 


42 


-2 


580 


81 


3 


87.2 


83.5 




4 


63 


2 


90 


9 


90 


9 


6839.83 


Pe I 


2 


56 


-3 


350 




















12 


3 


12 


3 


6855.18 


Pe I 


4 


56 


-0 


740 




















17 


9 


17 


9 


6978.85 


Pe I 


2 


48 


-2 


450 






93.6 










65 


8 


96 


4 


96 


4 


6988.52 


Pe I 


2 


40 


-3 


560 




















20 


4 


20 


4 


6999.88 


Pe I 


4 


10 


-1 


460 




















13 


8 


13 


8 


7022.95 


Pe I 


4 


19 


-1 


150 




















20 


5 


20 


5 


7112.17 


Pe I 


2 


99 


-3 


100 




















12 


4 


12 


4 


7130.92 


Pe I 


4 


22 


-0 


750 






26.2 










28 


8 


29 


4 


29 


4 


7151.47 


Pe I 


2 


48 


-3 


660 




















19 


3 


19 


3 


7179.99 


Pe I 


1 


48 


-4 


750 




















28 


4 


28 


4 


7411.16 


Pe I 


4 


28 


-0 


280 






69.3 


44 


9 






31 


6 


40 





40 






22 



Cohen & Kirby 

Table 3 — Continued 



Line Species x log(a/) S810 S973 S1166 S1209 S1305 S1814 S223 

(eV) (dex) mA mA mA mA mA mA mA 



7445 


75 


Fe 






26 




030 




65.0 


73 






57 




65 




65.8 


7461 


52 


Fe 






56 


— 3 


530 
















22 




22.8 


7568 


91 


Fe 






28 


— 


940 
















24 




24.7 


7583 


79 


Fe 




3 


02 




890 




71.5 


65 






50 




67 




67.2 


7586 


04 


Fe 






31 


— 


130 




63.8 


57 


3 




40 





48 





48.0 


7748 


27 


Fe 






95 


~ ■'- 


750 




105.0 


96 


8 




76 




102 


9 


102.9 


7780 


57 


Fe 






47 


— 


040 




54.5 


53 


8 




37 





62 


9 


62.9 


4416 


82 


Fe 






77 


— 2 


430 
















61 





61.0 


4491 


40 


Fc 






84 


~^ 


600 










70.7 






71 





71.0 


4508 


30 


Fc 






84 


— 2 


280 






81 




73. 1 






86 




86.4 


4555 


89 


Fc 






82 


~^ 


170 










100.2 












4576 


34 


Fc 






83 


~^ 


900 






61 










46 




46.0 


4583 


84 


Fc 






81 


~^ 


020 


98.0 




















4923 


93 


Fc 






88 


~ ■'■ 


320 


127.3 


132.4 


133 




142.9 


123 




157 




157.0 


5018 


45 


Fc 






89 


~ ■'■ 


220 


146,9 




165 




155,0 


146 












«^ 
















la Q 
































oor 


' ■ 




rQ 
















542o 


26 


Fc 






nn 
00 




240 




17.0 


24 






or 
20 








24.8 


5534 


85 


Fc 






25 




640 






46 






45 




35 




35.0 


6149 


26 


Fc 






89 


~^ 


690 






13 










■'^■'^ 




11,2 


6247 


56 


Fc 






89 


~^ 


360 




37.0 


24 






20 




27 




27,7 


6456 


39 


Fc 






90 


~^ 


310 


46.4 








38.1 












6516 


08 


Fc 






89 


— 3 


450 




35,6 


39 




29.1 


40 




33 


9 


33,9 


5483 


34 


Co 






71 


~ ■'^ 


490 


58.7 








30,1 


29 










5530 


79 


Co 






71 


~^ 


060 


27.2 














18 




18.0 


6189 


00 


Co 






71 


~^ 


450 
















9 




9.5 


6771 


03 


Co 






88 


~ ^ 


970 


14.7 














14 




14.6 


6814 


94 


Co 






96 


~ ^ 


900 






14 










12 




12.2 


7417 


41 


Co 






04 




070 
















10 




10.0 


5578 


72 


Ni 






68 


~^ 


640 


54.8 


67.2 


52 




41.8 


36 




60 


9 


60.9 


5587 


86 


Ni 






93 


— 2 


140 


57.4 


56.7 


57 




37.4 


34 











5592 


26 


Ni 






95 


~^ 


590 


61.9 


51.4 


48 

















5748 


35 


Ni 






68 


~^ 


260 






29 










21 




21.8 


5846 


99 


Ni 






68 


— 3 


210 


23.6 








14.3 






16 




16.7 


5892 


87 


Ni 






99 


~^ 


340 


71.5 


64.7 


61 





51.8 


35 


5 


66 


6 


66.6 


6128 


97 


Ni 






68 


— 3 


330 


33.8 








11.8 






26 


3 


26.3 


6176 


81 


Ni 






09 


— 


529 
















15 





15.0 


6482 


80 


Ni 








~^ 


630 


29.5 




34 




19.8 


24 








29.4 


6586 


31 


Ni 






95 


~^ 


810 


35.8 


28.0 


30 




23.9 


31 




35 




35.4 


6643 


63 


Ni 






68 


~^ 


300 


102.1 


97.4 


110 




88.2 


88 




117 




117.8 


6767 


77 


Ni 






83 


~^ 


170 


96.3 


97.2 


93 




75.3 


66 




104 




104.6 


6772 


31 


Ni 






66 


— 


987 
















■'^■'^ 




11.7 


7110 


88 


Ni 










970 
















28 




28.8 


7122 


20 


Ni 










048 


71.6 


61.6 


73 




58.3 


53 




69 




69.5 


7261 


92 


Ni 






95 




700 
















65 


9 


65.9 


7409 


35 


Ni 






80 


— 


100 




44.8 


















7414 


50 








99 


~^ 


570 




54.7 


60 






46 




62 




62.2 






N' 










ian 




55.0 








32 




tr 










Ni 


I 






~n 
























7727 


62 


Ni 


I 




68 


— 


1 «o 
162 




45.5 


44 










o4 




54.6 


7748 


89 


Ni 


I 




70 


— 


130 




37.6 








42 




40 




40.5 


7788 


93 


Ni 


I 




95 




420 


100.7 


88.0 


87 




63.9 


66 




92 




92.0 


7797 


59 


Ni 


I 




90 


— 


180 






39 






22 




34 




34.1 


5105 


54 


Cu 


I 




39 




505 


52.0 


61.6 


61 




38.0 


39 




52 




52.8 


5782 


12 


Cu 


I 




64 




780 


17.5 




27 










18 




18.2 


4722 


16 


Zn 


I 




03 


— 


390 


27.9 




39 










38 




38.0 


4810 


54 


Zn 


I 




08 


— 


170 


34.2 




36 










34 




34.0 


4607 


33 


Sr 


I 




00 




280 


28.0 




■'■■'^ 




16.0 














52 


Sr 


II 




00 


— 


140 


240.3 








220.0 












4554 


04 


Ba 


II 




00 




170 






193 
















5853 


70 


Ba 


II 





60 


— 1 


010 


76.2 


84.3 


82 




89.3 


95 


3 


98 


9 


98.9 


6141 


70 


Ba 


II 





70 


— Q 


070 


133.4 


147.3 


138 




147.2 


155 




187 


8 


187.8 


6496 


90 


Ba 


II 





60 


— 


380 


137.7 


148.6 


140 




155.9 


146 




175 


*^ 


175.6 


4398 


01 


Y II 




13 


~ ■'^ 


000 
















102 




102.0 


4854 


87 


Y II 




99 


— 


380 


41,7 








48,4 












4883 


69 


Y II 




08 




070 


68,4 


64.0 


72 




66.7 


66 




67 




67.1 






Y II 










34.0 


60.0 






43.2 


42 




49 




49.6 


5123 


22 


Y II 




99 


~o 


830 






33 
















5200 


42 


Y II 





99 


-0 


570 


42.0 








42.2 






54 





54.0 


5205 


73 


Y II 


1 


03 


-0 


340 










47,0 


38 











6127 


44 


Zr 


I 





15 


-1 


060 
















6 


7 


6.7 


5122 


99 




II 





32 


-0 


850 










35.2 












6390 


48 


La 


II 





32 


-1 


410 


5.1 




















4486 


91 


Cc 


II 





30 


-0 


360 


24.4 




















4562 


37 


Cc 


II 





48 





330 


24,3 




39 


1 


41.3 












4628 


16 


Cc 


II 





52 





260 


30,4 




26 


9 


31.6 












4462 


99 


Nd 


II 





56 





040 
















27 


6 


27,6 


4959 


12 


Nd 


II 





06 


-0 


800 


25,6 




36 


5 


27,4 


37 





32 





32.0 


5092 


79 


Nd 


II 





38 


-0 


610 
















9 


9 


9.9 


5212 


35 


Nc 


II 





20 


-0 


960 
















10 


7 


10.7 


5249 


58 


Nd 


II 





98 





200 


20.3 


<29.0 


25 


1 


23.6 


34 


2 








4129 


70 


Eu 


II 





00 





220 


98.0 




132 


7 


123.8 






145 





145.0 


6645 


11 


Eu II 


1 


38 





120 


11.0 




12 


4 


13.4 


<20 





9 





9.0 



